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ABSTRACT 
This thesis describes the development of novel Pd-catalyzed reactions in pursue of 
solutions for certain synthetic challenges. The regio- and stereoselective synthesis of 
tetrasubstituted olefins has been a long time challenge for synthetic chemists. Two distinct 
routes to tetrasubstituted olefins are described in Chapter 1 and 2. A highly efficient 
synthesis of tamoxifen and its derivatives is also described in Chapter 1. An unusual Pd-
catalyzed reaction of arenes and nitriles is described in Chapter 3. A diversity-oriented-
synthesis (DOS) of various iodochromones has been developed and subsequent Pd-catalyzed 
diversification leading to various substituted chromones is described in Chapter 4. 
A multi-component reaction route is ideal to generate various tetrasubstituted olefins in a 
very concise manner and should be highly desirable for application in combinatorial 
chemistry. After careful optimization studies, a highly efficient, regio- and stereoselective 
route to tetrasubstituted olefins has been developed by the Pd-catalyzed three-component 
reaction of aryl iodides, internal alkynes, and arylboronic acids as, which is described in 
Chapter 1. The chemistry is not sensitive to air and water and tolerates a wide range of 
functional groups. The starting materials are readily available and the reaction can be run at 
room temperature for some substrates. A wide variety of tetrasubstituted olefins, which were 
previously very difficult to prepare, can now be synthesized in a reliable and very concise 
manner. This methodology is expected to find wide application in the field of medicinal 
chemistry and material science in the future. 
Tamoxifen is one of the most widely used drugs for the treatment of breast cancer. The 
regio- and stereoselective synthesis of tamoxifen and its derivatives should pave the way for 
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the development of new drugs and has been of major interest to organic and pharmaceutical 
chemists for years. Previous syntheses of such compounds have normally involved multiple 
steps and sometimes harsh reaction conditions, employing starting materials that are not 
readily available. By applying the synthetic protocol that we have developed, tamoxifen and 
its derivatives have been successfully prepared in one step with excellent regio- and 
stereochemical control, using readily available starting materials. 
A novel Pd-catalyzed reaction between arylboronic acids and internal alkynes has been 
successfully developed as in Chapter 2. Molecular O2 is used as an oxidant and no base is 
needed for this reaction. A wide variety of tetrasubstituted olefins have been successfully 
synthesized under our simple, very mild reaction conditions. 
The activation of nitrile functionality by organopalladium compounds is rather rare and a 
challenge in Pd chemistry. Using a highly cationic Pd(II) catalyst, a new route to aryl 
ketones or ketimines has been successfully developed by a novel reaction between arenes and 
nitriles as described in Chapter 3. The process involves C-H activation of the arene and 
intermolecular carbopalladation of the nitrile. It has been found that a small amount of 
DMSO improves the yield of the product dramatically, echoing some recent important 
findings by others of the crucial role of DMSO in Pd(II) chemistry. A novel reaction between 
an arylboronic acid and a nitrile has also been successfully developed as a convenient route 
to aryl ketones. 
Chromone is an abundant key structure in many natural products. An efficient route to 
iodochromones has been successfully developed via ICl-induced cyclization as described in 
Chapter 4. The chemistry is run under very mild conditions and tolerates a wide variety of 
xii 
functional groups. The iodochromone products are easily transformed to other substituted 
chromones or polycyclic compounds using organopalladium chemistry. 
1 
GENERAL INTRODUCTION 
Palladium-catalyzed reactions are versatile methods for carbon-carbon bond formation 
due to their generality and ability to tolerate a wide range of important organic functional 
groups. Developing novel Palladium-catalyzed reactions has therefore been of great interest 
to synthetic chemists for years. 
The regio- and stereoselective synthesis of tetrasubstituted olefins is a long-pursuing 
challenge for synthetic chemists. A multi-component reaction route is ideal to generate 
various tetrasubstituted olefins in a very concise manner and should be highly desirable for 
applications in combinatorial chemistry. A highly efficient, regio- and stereoselective route 
to tetrasubstituted olefins has been developed by the Pd-catalyzed three-component reaction 
of aryl iodides, internal alkynes, and arylboronic acids as described in Chapter 1. By 
applying the synthetic protocol we have developed, tamoxifen and its derivatives have been 
successfully prepared in one step with excellent regio- and stereochemical control, 
employing readily available starting materials. 
A novel Pd-catalyzed reaction between arylboronic acids and internal alkynes for the 
synthesis of tetrasubstituted olefins has been successfully developed as described in Chapter 
2. Molecular 0% is used as an oxidant and no base is needed for this reaction. A wide variety 
of tetrasubstituted olefins have been successfully synthesized under our simple and very mild 
reaction conditions. 
The activation of nitrile functionality by organopalladium compounds is rather rare and a 
challenge in Pd chemistry. Using a highly cationic Pd(II) catalyst, a new route to aryl 
ketones or ketimines has been successfully developed by a novel reaction between arenes and 
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nitrile s as described in Chapter 3. A novel reaction between an arylboronic acid and a nitrile 
has also been successfully developed as a convenient route to aryl ketones. 
Chromone is an abundant key structure in many natural products. An efficient route to 
iodochromones has been successfully developed via ICl-induced cyclization as described in 
Chapter 4. The chemistry is run under very mild conditions and tolerates a wide variety of 
functional groups. The iodochromones products can be easily transformed to other 
substituted chromones or polycyclic compounds using organopalladium chemistry. 
Dissertation Organization 
This dissertation is divided into four chapters. Each of these chapters is written up 
following the guidelines for a full paper in the Journal of the Organic Chemistry. 
Chapter 1 investigates the synthesis of tetrasubstituted olefins by the Pd-catalyzed three-
component reaction of aryl iodides, internal alkynes, and arylboronic acids. A wide variety 
of tetrasubstituted olefins, including tamoxifen and derivatives, have been synthesized by this 
highly efficient approach. 
Chapter 2 presents the synthesis of tetrasubstituted olefins by a novel Pd-catalyzed 
reaction of arylboronic acids and internal alkynes. A route to biaryls by the homocoupling of 
arylboronic acids under our unique, base-free O2/DMSO conditions has also been 
successfully developed. 
Chapter 3 reports the Pd-catalyzed reaction between arenes and nitriles to produce aryl 
ketones or ketimines. The scope and limitations of this process are examined in detail. A 
3 
reaction between arylboronic acid and nitrile to produce aryl ketones or ketimines has also 
been developed. 
Chapter 4 describes a diversity-oriented-synthesis (DOS) of various iodochromones by 
iodocyclization. The scope of this methodology and the application of iodochromone 
products in various Pd-catalyzed reactions are examined in detail. 
Finally, all of the and 13C NMR spectra for the starting materials and reaction products 
have been compiled in appendices A-D, following the general conclusions for this 
dissertation. 
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CHAPTER 1. A Regio- and Stereoselective Route to Tetrasubstituted 
Olefins by the Palladium-Catalyzed Three-Component-Coupling of 
Aryl Iodides, Internal Alkynes and Arylboronic Acids 
Based on a paper published on the Journal of Organic Chemistry61 
Chengxiang Zhou and Richard C. Larock* 
Department of Chemistry, Iowa State University, Ames, Iowa 50011 
larock@iastate.edu 
Abstract 
The Pd-catalyzed three-component coupling of readily available aryl iodides, internal 
alkynes, and arylboronic acids provides a convenient, one-step, regio- and stereoselective 
route to tetrasubstituted olefins in good to excellent yields, although electron-poor aryl 
iodides and dialkylalkynes normally afford only low yields under our standard reaction 
conditions. The proper combination of substrates and reaction conditions is important for 
high yields. The presence of water generally substantially increases the yields of the desired 
tetrasubstituted olefins. The reaction involves czs-addition of the aryl group from the aryl 
iodide to the less hindered or more electron-rich end of the alkyne, while the aryl group from 
the arylboronic acid adds to the other end. A modified, room temperature procedure has also 
been successfully developed, which works very well for some substrates. Tamoxifen and its 
derivatives are synthesized in a concise, regio- and stereoselective manner by applying our 
synthetic protocol. 
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Introduction 
The expeditious, regio- and stereoselective synthesis of tetrasubstituted olefins has 
provided a challenge for synthetic organic chemists for years.1 Tetrasubstituted olefins can 
be obtained by carbonyl olefmation reactions2"5 (including McMurry,3 Wittig,4 and Horner-
Wadsworth-Emmons5 reactions), olefin metathesis6 and various other methods (including 
cycloaddition,7 dehydration,8 ynolate anions,9 vinylic radical chemistry,10 etc.). Reactions 
involving trisubstituted vinylic metal substrates (metal = B,11 Si,12 S,13 Zr,14 Sn,15 Te,16 etc.) 
or intermediates (metal = Li,17 Mg,18 Ni,19 Cu,20 Zn,21 Pd,22 etc.) have also been widely used 
in the synthesis of tetrasubstituted olefins. However, these approaches are still fairly limited 
in scope due to one or more of the following problems: limited generality; poor regio- and/or 
stereoselectivity; limited availability of starting materials; tedious multi-step syntheses. 
Thus, developing an efficient, regio- and stereoselective route to tetrasubstituted olefins is 
highly desirable and a considerable challenge for the organic chemist. 
Palladium-catalyzed reactions are versatile methods for carbon-carbon bond formation 
due to their generality and ability to tolerate a wide range of important organic functional 
groups.23 The carbopalladation of alkynes has provided a versatile approach to various 
olefins and heterocycles.24 The intermolecular Rh,25 Ni,26 and Pd27 catalyzed addition of 
arylboronic acids to alkynes has been reported to produce di- and tri-substituted alkenes. 
Some specific tetrasubstituted olefins have also been prepared in a highly efficient manner by 
the intramolecular addition of arylpalladium intermediates to internal alkynes, followed by 
cross-coupling with boron, tin and zinc organometallics.28 Multi-component reactions have 
attracted much attention from chemists, because they are highly atom-economical.29 For 
example, palladium-catalyzed tandem reactions involving organic halides, unsaturated 
compounds (aliéné and norbornene) and organometallics (organoboron and -tin reagents) 
have been reported to furnish relatively complex products in a one-pot reaction.30 The 
palladium-catalyzed sequential haloallylation/Suzuki cross-coupling of alkynes has been 
reported as a convenient synthetic route to highly functionalized 1,4-dienes.31 
Recently, we communicated a highly efficient palladium-catalyzed synthesis of 
tetrasubstituted olefins involving the intermolecular coupling of an aryl iodide, an internal 
alkyne and an arylboronic acid (eq. 1).32,33 Herein, we provide a full account of the scope 
and limitations of this chemistry. Modified, mild, room temperature reaction conditions have 
also been successfully developed. 
R1I + R2 = R3 + R4B(OH)2 cat- Pd. R\ /R (1) 
F f R :  
Results and Discussion 
(a) Optimization of the reaction conditions 
For optimization of the reaction conditions used in our tetrasubstituted olefin synthesis, 
we investigated a simple, representative model system consisting of 4-iodotoluene, 1-phenyl-
1-propyne and phenylboronic acid (eq. 2). 
^ \—n/nm- cat- Pd H 3 c — y i — I  +  H 3 C  =  ^  ^  y ) — B ( O H ) 2  
+ H3C 
(2) 
(Ar-Ph ) 
7 
In early experiments, we found that a 35% isolated yield of a 1:6.5 mixture of 
regioisomeric la and lb (as determined by !H NMR spectroscopy after column 
chromatography) could be obtained by the reaction of 1 equiv of 4-iodotoluene, 2 equiv of 1 -
phenyl-1-propyne and 2 equivs of phenylboronic acid in the presence of 5 mol % of 
PdCl2(PhCN)2 and 1 equiv of K2CO3 in DMF (Table 1, entry 1). Changing the Pd catalyst to 
either PdCh, Pd(OAc)2 or Pd(dba)2 had little effect on the yield (entries 2-4). Employing 
phosphine or amine ligands slows the reaction and has a detrimental effect on the yields 
(entries 5-10). Employing LiCl as an additive also lowers the yield of the reaction (entry 
8).34 A small amount of 4-methylbiphenyl side-product was also formed along with the 
desired product. We were pleased to find that the yield could be significantly improved to 
50% by simply running the reaction in 90/10 DMF/H20 (entry 11). The yield could be 
further increased to 63% in 80/20 DMF/H20 (entry 12). The presence of water obviously 
greatly accelerates the desired reaction, perhaps because water is needed to dissolve the 
inorganic base that combines with the arylboronic acid to form the "ate complex", which is 
crucial in Suzuki-type coupling reactions.35 The yield can be slightly increased if 2 equiv of 
KHCO3 is used as the base, instead of 1 equiv of K2CO3 (compare entries 12 and 14).36 
Since biaryl side-product was evident in all reactions, the alkyne was chosen as the limiting 
reagent in order to increase the yield. When 2 equiv of aryl iodide, 1 equiv of alkyne and 2 
equiv of arylboronic acid were employed, the yield increased to 72% (entry 15). Simply 
reducing the loading of the palladium catalyst further increased the yield (entries 15-17). An 
85% yield of the desired tetrasubstituted olefin was obtained by employing only 1% of the 
palladium catalyst (entry 17). The yield could be further increased to 88% by using 3 equiv 
of arylboronic acid and KHCO3 as the base (entry 18). The same yield was obtained when 3 
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equiv of aryl iodide were employed (entry 19). A moderate 55% yield of the desired product 
could be obtained employing a 1:1:1 ratio of the aryl iodide, alkyne and arylboronic acid 
(entry 20). The "optimal" procedures from entries 18 and 19 have thus been employed for the 
synthesis of a wide variety of tetrasubstituted olefins.37 
TABLE 1. Optimization Studies (eq. 2).a 
entry ratiob Pd catalyst base DMF/H20 % yieldc,d Ar-Ph (mmol) 
39 (35) 0.03 
36 0.03 
35 0.03 
38 0.02 
15 0.03 
31 0.04 
29 0.04 
20 0.03 
20 0.02 
15 0.02 
50 0.06 
63 0.05 
1 1:2:2 5% PdCl2(PhCN)2 1 K2C03 100/0 
2 1:2:2 5% PdCl, 1 K2C03 100/0 
3 1:2:2 5% Pd(OAc)2 IK2CO3 100/0 
4 1:2:2 5% Pd(dba)2 1 K2CO3 100/0 
5e 1:2:2 5% Pd(PPh3)4 1 K2C03 100/0 
6e 1:2:2 5 % PdCl2(PPh3)2 1K2C03 100/0 
7E 1:2:2 5% Pd(QAc)2/10% 1 K2C03 100/0 
PPh3 
8e'f 1:2:2 5% Pd(DAc)2/10% 1 K2C03 100/0 
PPh3 
9E 1:2:2 5% Pd(OAc)2/lQ% 1 K2C03 100/0 
[2,4,6-(MeO)3C6H4hP 
10e 1:2:2 5% Pd(GAc)2/10% 1 K2C03 100/0 
TMEDA 
11 1:2:2 5% PdCl2(PhCN)2 1 K2C03 90/10 
12 1:2:2 5% PdCl2(PhCN)2 1K2C03 80/20 
9 
TABLE 1. Continued 
entry ratiob Pd catalyst base DMF/H2O % yield' " Ar-Ph (mmol) 
13 1:2:2 5% PdCl2(PhCN)2 1 KHC03 80/20 57 0.04 
14 1:2:2 5% PdClzfPhCN): 2KHC03 80/20 66 0.05 
15 2:1:2 5% PdClz(PhCN)2 2 KHCO3 80/20 72 0.26 
16 2:1:2 2% PdClz(PhCN)2 2 KHCO3 80/20 78 (75) 0.26 
17 2:1:2 1% PdCl2(PhCN)2 2KHC03 80/20 85 0.25 
18 2:1:3 1% PdCl2(PhCN)2 3KHC03 80/20 88 (86) 0.25 
19 3:1:3 1% PdCl2(PhCN)2 3 KHCO3 80/20 88 0.49 
20 1:1:1 1% PdCl2(PhCN)2 1 KHCO3 80/20 55 0.08 
aAII reactions were run on a 0.25 mmol scale (limiting reagent) employing the Pd catalyst in 
10 ml of DMF/H20 at 100 °C for 3 h unless otherwise indicated. bRatio of aryl 
iodide:alkyne:arylboronic acid. °GC yields of 1a plus 1b based on the limiting reagent; yields of 
products obtained by column chromatography are reported in parentheses. dRegioisomers 1a 
and 1b are inseparable by GC; they are actually obtained in approximately a 1:6.5 ratio, based 
on 1H NMR spectroscopic analysis of the products after column chromatography. eThe reaction 
was run for 24 h. fOne equiv of LiCl was added. 
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(b) Scope and limitations 
(1) The scope of the reaction using various internal alkynes 
Under our "optimal" conditions, a wide variety of internal alkynes have been successfully 
employed in this tetrasubstituted olefin synthesis (eq. 3, Table 2). 
When iodobenzene and phenylboronic acid are employed, the reaction works very well 
with 1-phenyl-1-propyne and 1-phenyl-1-hexyne and provides the desired tetrasubstituted 
olefins in excellent yields (entries 1 and 2). Relatively electron-poor and more sterically 
hindered diphenylacetylene also provides the desired tetraphenylethene in an excellent yield, 
although the reaction is slower and a longer reaction time (24 h) is needed (entry 3). The 
reaction tolerates ketone, ester and alcohol functional groups, and provides the desired 
tetrasubstituted olefins in good to excellent yields (entries 4-7). Although an acetal has been 
successfully employed in this chemistry, the product hydrolyzed on silica gel during column 
chromatography, providing the corresponding aldehyde in a good yield (entry 8). Electron-
poor diethyl acetylenedicarboxylate and (4-nitrophenyl)phenylacetylene have also been 
efficiently coupled with iodobenzene and phenylboronic acid (entries 9 and 13). Relatively 
electron-rich 4-octyne, however, provides the desired tetrasubstituted olefin in only a 32% 
yield and the product from di-insertion of the alkyne is also isolated in a 48% yield (entry 
10). None of the desired product is obtained when relatively electron-rich and sterically 
hindered 4,4-dimethyl-2-butyne is employed (entry 11). This may in part be due to the fact 
that the 4,4-dimethyl-2-butyne is relatively volatile (b.p. 80 °C) under our standard reaction 
conditions (100 °C). The terminal alkyne phenylacetylene is not a good substrate for this 
Ar—I + R R2 + Ph—B(OH)2 (3) 
11 
chemistry, since a substantial amount of tetraphenylethene is also obtained along with the 
desired triphenylethene product (entry 12). Presumably diphenylacetylene is first being 
formed by a Sonogashira38 type reaction of iodobenzene and phenylacetylene, which then 
reacts with iodobenzene and phenylboronic acid in the usual fashion to generate the 
tetraphenylethene side product. 
TABLE 2. Scope of the Internal Alkynes (eq. 3)a 
entry Ar R1 R product(s) % yieldb 
1 % ^ CHi 90 
n-Bu 
H3CCH2CH2CH2 
86 
92 
4 H3C-4 COCH3 % / H3C 
5a CH3 H3C 5b 
80(1:2) 
12 
TABLE 2. Continued 
entry Ar R1 R product(s) % yield 
5 H3C—^ z>— C02Et 
Et02C 
6a CH3 H3C 6b 
78(1:2) 
(A n— CH2OH 
HOCH 
77 
H3C CO; Et 
CH3 CO?Et 
CH(OEt)2 ^ 
82 
85 
9 % ^ C02Et COzEt 
Et02C C02Et 
10 78 
10 <( j)— n-Pr n-Pr 32 + 48 
11 
CH3 r-Bu 
H3C f-Bu 
w o 13 
13 
TABLE 2. Continued 
entry Ar R1 R2 product(s) % yieldb 
12 h O 
13 O O -0~°2 
a All reactions were run using 0.50 mmol of aryl iodide, 0.25 mmol of alkyne, 0.75 mmol of arylboronic 
acid, 0.75 mmol of KHC03 and 0.0025 mmol of PdCI2(PhCN)2 in 10 ml of 4:1 DMF/H20 at 100 °C for 12 
h unless otherwise indicated. bThe yields are based on products isolated by column chromatography; 
the ratio of regioisomers is given in parentheses as determined by 1H NMR spectroscopic analysis. 
°Three equiv of aryl iodide were used in these entries and the reactions were run for 24 h. 
(2) The scope of the reaction using various aryl iodides 
Employing diphenylacetylene and phenylboronic acid as substrates, we then investigated 
the scope of the reaction using various aryl iodides (eq. 4, Table 3). 
rat Pri Ar, Ph 
Ar—I + Ph^^-Ph + Ph—B(OH)2 Cai' Kq» (4) 
Ph Ph 
Iodobenzene affords the desired tetraphenylethene in an excellent 92% yield. Electron-
rich aryl iodides, such as 4-iodoanisole, 4-iodotoluene and 3-iodotoluene, efficiently cross 
couple with diphenylacetylene and phenylboronic acid to provide the corresponding 
tetrasubstituted olefins in good yields (entries 2-4). However, only a 48% yield of the 
desired product is obtained when 2-iodotoluene is used, presumably due to the steric 
hindrance of the ortho methyl group, which inhibits the addition of the o-tolyl group to the 
alkyne (entry 5). It is noteworthy that the unprotected 4-iodophenol also works well in this 
chemistry and provides the corresponding phenol in a good yield (entry 6). Electron-poor 
aryl iodides work poorly in this chemistry. For example, the relatively electron-poor 4-
chloroiodobenzene provides only a 65% yield of the desired tetrasubstituted olefin (entry 7). 
The more electron-poor 4-iodoacetophenone provides a very poor 10% yield of the 
corresponding olefinic ketone (entry 8). 4-Iodonitrobenzene provides none of the desired 
product (entry 9). Almost quantitative conversion of this aryl iodide and phenylboronic acid 
to 4-nitrobiphenyl is observed instead. Presumably in this case the Suzuki type reaction is 
much faster than carbopalladation of the alkyne, thus the formation of the biaryl side product 
is more favorable. 
15 
TABLE 3. The Scope of the Aryl Halides (eq. 4) 
% yield product 
16 
TABLE 3. Continued 
entry Ar product % yieldb 
7 jP 20 65 
H3C 
0, /=\ 
21 10 
0,N-
0,N 
22 
a All reactions were run using 0.75 mmol of aryl iodide, 0.25 mmol of 
alkyne, 0.75 mmol of arylboronic acid, 0.75 mmol of KHC03 and 0.0025 
mmol of PdCI2(PhCN)2 in 10 ml of 4:1 DMF/H20 at 100 °C for 24 h. "The 
yields are based on products isolated by column chromatography. °The 
yield is based on 1H NMR spectroscopic analysis of the crude products, 
which contains the desired olefin product and the 4-phenylphenol side 
product. 
(3) The scope of the reaction using various arylboronic acids 
We next investigated the scope of the reaction using various arylboronic acids plus 
iodobenzene and diphenylacetylene (eq. 5, Table 4). 
rat Pd Ph Ar 
Ph—I + Ph = Ph + Ar—B(OH)2 —:—» V=( (5) 
Ph Ph 
Both electron-neutral and electron-rich arylboronic acids work very well in this chemistry 
(entries 1-4, Table 4). We were pleased to find that the scope of the reaction using various 
arylboronic acids is pretty general compared to that of the aryl iodides. o-Tolylboronic acid 
affords a good yield of the desired olefin (entry 5, Table 4), as opposed to the relatively poor 
yield obtained when using o-iodotoluene (entry 5, Table 3). Furthermore, electron-poor 
arylboronic acids, such as 4-chlorophenylboronic acid and 4-acetylphenylboronic acid, also 
afford the desired tetrasubstituted olefins in good yields (entries 6 and 7, Table 4). The same 
products could be only obtained in low yields employing the corresponding aryl iodides and 
phenylboronic acid (entries 7 and 8, Table 3). On the other hand, the more electron-poor 4-
nitrophenylboronic acid provides only a trace amount of the desired product (compare entry 
8 in Table 4 with entry 9 in Table 3). It is noteworthy that the product 22 could be obtained 
by employing iodobenzene, (4-nitrophenyl)phenylacetylene, and phenylboronic acid as 
substrates (entry 13, Table 2). Other organoboron reagents, such as sodium 
tetraphenylborate and potassium phenyltrifluoroborate, also work well and provide the 
desired tetrasubstituted olefins in good yields (entries 9 and 10). It is noteworthy that the 
base is still necessary in the potassium phenyltrifluoroborate reaction, since only a trace 
amount of the product is obtained without the KHCO3 base (entry 11).39 
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TABLE 4. The Scope of the Reaction Using Various Arylboronic Acids (eq. 5)a 
entry Ar product % yield 
1 ^ / 92 
H,CO-
H,CO 
15 89 
THPO-
THPO 
23 86 
4 H3C-
H3C 
16 92 
CH, 
H,C 18 79 
6 ci—^ ^ 
CI 
20 85 
19 
TABLE 4. Continued 
entry Ar product % yieldb 
7 h°K> 
8 OzN-^)— 
9 NaBPh4 
10 PhBF3K 
11° PhBF3K 
a All reactions were run using 0.75 mmol of aryl iodide, 0.25 mmol of alkyne, 
0.75 mmol of arylboronic acid, 0.75 mmol of KHC03 and 0.0025 mmol of 
PdCI2(PhCN)2 in 10 ml of 4:1 DMF/H20 at 100 °C for 24 h. bThe yields are 
based on products isolated by column chromatography. 0 No KHC03 was 
added. 
trace 
trace 
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(c) Regioselectivity and stereoselectivity 
This approach to tetrasubstituted olefins is often both regio- and stereoselective. The 3-
component reaction involves clean co-addition to the alkyne in all cases so far studied. Two 
regioisomers have usually been obtained, when unsymmetrical alkynes are employed as 
starting materials. The structures of the major isomers have been determined by examining 
their NOESY H-H interactions.32 The regiochemistry is primarily controlled by steric effects, 
which is consistent with our previous work40 on palladium-catalyzed additions to alkynes and 
analogous work of Cacchi.41 Thus, the aryl group from the aryl iodide generally favors the 
less hindered end of the alkyne, while the aryl group from the arylboronic acid adds to the 
other end of the alkyne (entry 1, Table 5; eq. 6). 
ÇH3 
a v., • * , „ (6) cat Pd 
B(OH)2 \=/ \=y \X V 
b 
Electronic effects also play an important role in the regiochemistry. The aryl group from 
the arylboronic acid prefers to add to the more electron-poor end of the alkyne assuming 
steric effects are comparable. Only a 2:1 regioselectivity is observed when a ketone or ester-
containing internal alkyne is employed, probably due to the opposite steric and electronic 
effects of the ketone or ester groups versus the phenyl group (entries 2 and 3).42 It is 
interesting to note that better regioselectivity is observed if an electron-withdrawing group is 
introduced into the aromatic ring of the 1 -phenylpropyne (compare entries 4 and 5 with entry 
1). Excellent 15:1 regioselectivity is observed when l-(4-nitrophenyl)propyne is used as the 
alkyne (entry 5). Introduction of an electron-poor pyrimidine group has a similar effect 
(compare entries 6 and 1). Poor regioselectivity along with a lower yield is observed when 
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an electron-donating group is introduced into the aromatic ring of the 1-phenylpropyne 
(entries 7 and 8). It is noteworthy that the regiochemistry can be readily reversed by 
interconverting functionality on the aryl iodide and the arylboronic acid [compare entry 1 in 
Table 5 with entry 19 in Table 1 (see footnote d), and entry 5 in Table 5 with the results 
reported in eq. 7]. For example, the minor regioisomer 25b in the process reported in Table 5, 
entry 5 can be easily prepared, again with excellent 15:1 regioselectivity, simply by reversing 
the position of the substituents in the aryl iodide and the arylboronic acid (eq. 7). 
CH 3 
+ H3C — & y-N02 + 
I B(OH)2 
cat. Pd ' '3 
25a CH3 H3C 
94% (1:15) 
The electronic effect of an electron-withdrawing nitro group has also been studied using 
(4-nitrophenyl)phenylacetylene as a substrate, moderate 2:1 regioselectivity is observed 
( entry 9). 
TABLE 5. Regioselectivity Studies (eq. 6)a 
entry R1 R products % yield 
CH, 
CH3 H3C 
81 (6:1) 
22 
TABLE 5. Continued 
entry R R products % yield 
COOL 
H3C0C H3COÇ 
5a ch3 H3C 
79(2:1) 
C02Et 
Et02C. EtO,C 
6a CH3 H3C EB 
77(2:1) 
CH3 F3C 
CH3 H3C 
90(10:1) 
CH3 02N 
CH3 H3C 
93(15:1) 
CH3 
N= 
V 
CH3 H3C 
91 (12:1) 
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TABLE 5. Continued 
entry R1 Rz products % yieldb 
CH3 H3C-
27a 
CH3 H3C 27B 
75 (3:1) 
CH3 H3CO-
,OCH3 ,OCH3 
28. CH, H3C 
45(2:1) 
38= 38b 
82(2:1) 
a All reactions were run using 0.50 mmol of aryl iodide, 0.25 mmol of alkyne, 0.75 mmol of 
arylboronic acid, 0.75 mmol of KHC03 and 0.0025 mmol of RdCI2(PhCN)2 in 10 ml of 4:1 
DMF/H20 at 100 °C for 12 h unless otherwise indicated. bThe yields are based on products 
isolated by column chromatography; the ratio of regioisomers is given in parentheses as 
determined by 1H NMR spectroscopic analysis of the products obtained by column 
chromatography. 
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(d) Modified room temperature reaction 
Although our process normally involves clean co-addition to the internal alkyne, the 
regioselectivity is sometimes only fair under our "optimal" reaction conditions (Table 5). 
We envisioned that better regioselectivity might possibly be accomplished under milder 
reaction conditions. Although only a small amount of the desired olefin product was 
o b t a i n e d ,  t h e  r e g i o s e l e c t i v i t y  o f  t h e  r e a c t i o n  o f  i o d o b e n z e n e ,  1 - p h e n y l p r o p y n e  a n d  p -
tolylboronic acid has been improved to 18:1, when we carried out the reaction at room 
temperature (entry 1, Table 6; eq. 8). 
R1I + R2—=—R3 + R4B(OH)2 cat Pd. RWR + RWR (8) D T 9 r, \ n X ' 
This is opposed to the 6:1 mixture of regioisomers obtained at 100 °C (entry 1, Table 5). 
With the proper choice of base, we were pleased to find that the reaction could be efficiently 
carried out at room temperature. For example, with K2CO3 as the base, the 3 component 
reaction of iodobenzene, 1-phenylpropyne and p-tolylboronic acid at room temperature after 
24 h provided the desired products in an excellent 82% overall yield with excellent 18:1 
regioselectivity (entry 2). The choice of the base is essential to the efficiency of the 
c h e m i s t r y .  I t  i s  i m p o r t a n t  t o  n o t e  t h a t  t h e  S u z u k i  c o u p l i n g  b e t w e e n  i o d o b e n z e n e  a n d  p -
tolylboronic acid can be accomplished using K2CO3 as the base at room temperature in 95% 
yield (eq. 9). 
B(OH)2 
/ \ 1 % PdCI2(PhCN)2 r, ;\ /=\ 
1 V /%—I + 1.2 [ H { X)—(v /-Me (9) 
—' ^ ^  4:1 DMF/H20, R.T. ^ 
1.2 equiv K2C03 95 % 
1.2 equiv KHC03 <10% 
However, the same reaction only leads to a low yield of biaryl product when KHCO3 is 
used as the base. It is noteworthy that the minor isomer in Table 6, entry 1 could be obtained 
as the major product again with excellent 18:1 regioselectivity by simply using 4-
iodotoluene, 1 -phenyl-1 -propyne and phenylboronic acid as the starting materials (entry 3, 
Table 6). The regioselectivity is poor, however, when ethyl phenylpropynoate is used as the 
alkyne. Although an excellent 87% yield is obtained using the room temperature conditions, 
the two regioisomers are obtained in a 3:2 ratio (entry 4, Table 6) as compared to the 78 % 
yield and 2:1 regioselectivity observed earlier (entry 5, Table 2). Employing 4-octyne as the 
starting material is known to lead to a low yield of tetrasubstituted alkene when the process is 
run at 100 °C (entry 10, Table 2). A similar low yield is obtained under our room 
temperature reaction conditions, since a substantial amount of double insertion product is 
also obtained (entries 5 and 6, Table 6). The milder reaction conditions make it possible to 
employ 4,4-dimethyl-2-butyne as the alkyne and the reaction now affords the desired product 
regioselectively in a 42% yield (entry 7, Table 6), while none of this product is observed 
when the same alkyne is employed at 100 °C (entry 11, Table 2). The room temperature 
reaction turns out to be sluggish and only a 20% yield of the desired product is obtained after 
24 h, when diphenylacetylene is used as the starting material (entry 8, Table 6). Presumably 
diphenylacetylene is too sterically hindered and thus carbopalladation of this alkyne is not 
efficiently achieved at room temperature. The room temperature process works well for 1-
(4-nitrophenyl)-1 -butyne, affording the desired products in good yields with almost complete 
control of the regiochemistry (entries 9 and 10, Table 6). It is noteworthy that the products 
obtained in these reactions are possible precursors to tamoxifen derivatives,43 since 
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demethylation of the methyl ether, followed by alkylation, is a known process to synthesize 
tamoxifen derivatives. 11 a,22k,44,45 
TABLE 6. Synthesis of Tetrasubstituted Olefins at Room Temperature (eq. 8)a 
entry R1 R2 R R4 product(s) % yield" 
\ CHg % 
H3C 1a 
10 
(18:1) 
CH-
: ^ ^ 
H3C-
H3C 1a 
82 
(18:1) 
3 H3C-4 CH3 ^ / 
H3C 1a H3C 1b 
85 
(1:18) 
H3C—W A— COZET 4 H 
COoEt Et0,c 
87 
(2:3) 
6a 
5 <( J>— n-Pr «-Pr 28 + 61 
27 
TABLE 6. Continued 
entry R1 R2 R3 R product(s) % yield 
6 £ ))— n-Pr n-Pr wie02c 
CO?Me 
29 CC^Me 
48 + 42 
H3C >Bu 
7 H3C-\ h— CH3 /-Bu 
10 0,N-^ ^ 
x z > — C2H5 02N—k /)— H3CO—<x /, 
THPO-
H,C 
H3C 
31 
16 
PCH3 
CH; 
OTHP 
CH3CH 
43 
(>100:1) 
20 
81 
(>100:1) 
68 
(>100:1) 
aAII reactions were run using 0.75 mmol of aryl iodide, 0.25 mmol of alkyne, 0.75 mmol of 
arylboronic acid, 0.75 mmol of K2C03 and 0.005 mmol of PdCI2(PhCN)2 in 10 ml of 4:1 DMF/HzO at 
room temperature for 24 h unless otherwise indicated. bThe yields are based on products isolated 
by column chromatography; the ratio of regioisomers is given in parentheses as determined by 1H 
28 
NMR spectroscopic analysis. c0.75 Mmol of KHC03 was employed instead of K2C03. d The 
reaction was run under N2. A slightly lower yield was obtained if the reaction was run under air. 
(e) Reaction mechanism 
We propose the mechanism illustrated in Scheme 1 for this process, which consists of the 
following key steps: (1) reduction of Pd(II) to Pd(0), the actual catalyst, presumably by the 
arylboronic acid;48 (2) oxidative addition of the aryl iodide to Pd(0); (3) cz'.s-carbopalladation 
of the internal alkyne by the resulting arylpalladium species to generate a vinylic palladium 
intermediate; (4) subsequent Suzuki-type transmetallation with the "ate complex" ArB(OH)3 ; 
and (5) reductive elimination producing the tetrasubstituted olefin with simultaneous 
regeneration of the Pd(0) catalyst. Alternatively, transmetallation can occur directly between 
the initial arylpalladium intermediate and the arylboronic acid "ate complex" producing the 
biaryl side-product. 
SCHEME 1 
PdCI2(PhCN)2 
I + H3BO3 -«X 
Ar'B(OH)3" 
Ar Pd-Ar' \ 
! Ar-Pd-Ar' 
Ar' B(OH)3" |"+ H3BO3 
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Carbopalladation of the internal alkyne by the arylpalladium intermediate (ArPdl in 
Scheme 1) is believed to be the key step in the catalytic cycle. This presumably proceeds 
through a 4-member ring transition state in which the aromatic ring and Pd in ArPdl are 
positioned on the same side of the internal alkyne (Scheme 2).40,41a Thus, carbopalladation 
generates a vinylic palladium species by a cis addition. It is reasonable to assume that the 
relatively large aromatic group of the ArPdl intermediate should approach the internal alkyne 
f r o m  t h e  l e s s  h i n d e r e d  e n d  o f  t h e  i n t e r n a l  a l k y n e  d u e  t o  s t e r i c  h i n d r a n c e .  W h i l e  p -
iodotoluene affords a high yield of tetrasubstituted olefin in this chemistry, o-iodotoluene 
only affords a fair yield of the desired product (entries 3 and 5 in Table 3, respectively), 
probably because the o-tolyl group is more sterically hindered and thus the carbopalladation 
is less favorable. We also believe that the aromatic ring adjacent to the Pd moiety of the 
vinylpalladium intermediate may coordinate with the Pd by T]1 or r\ coordination463 and thus 
stabilize the vinylpalladium intermediate in the catalytic cycle (Scheme 2). Similar adjacent 
coordination has been reported in the literature.46 This stabilization may also inhibit further 
insertion of another molecule of alkyne. No such stabilization of the Pd intermediate exists 
after insertion of a second alkyne. The facile 1,4-palladium migration from similar vinylic 
(and aryl) palladium species47 to the neighboring arene provides further support for such an 
interaction. Electron-deficient aryl iodides generally lead to low yields in this chemistry 
(entries 7-9, Table 3), possibly because the electron-deficient aromatic ring is less likely to 
coordinate with the vinylic Pd intermediate. The addition of phosphine ligands may also 
interfere with coordination of the neighboring arene in these vinylic palladium intermediates 
and thus be responsible for the lower yields of tetrasubstituted olefin (see Table 1, entries 5-
30 
10). On the other hand, the carbopalladation process is apparently still facile when using 
iodobenzene and either electron-rich or electron-deficient arylboronic acids. 
SCHEME 2. Carbopalladation of internal alkynes. 
Another feature of this chemistry is the fact that the Pd favors the more electron-deficient 
end of the alkyne during carbopalladation. For example, excellent regioselectivity (15:1) is 
observed when l-(4-nitrophenyl)propyne is employed, as opposed to only 6:1 
regioselectivity when using 1-phenylpropyne (compare entries 1 and 5 in Table 5). Thus, the 
reaction is further favored via vinylpalladium intermediate A over B by the presence of the 
nitro group (Scheme 3). Presumably, derealization of the vinylic anion by the nitro group in 
A leads to a more stable anionic-like transition state and thus improves the regioselectivity of 
carbopalladation. It is also possible that the more stable vinylic anion in A is a weaker donor 
for Pd and leads to a more reactive vinylic palladium intermediate and therefore improves the 
regioselectivity of the reaction. 
S = solvent X 
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SCHEME 3 
O2N O2N 
CH3 
favored over 
Pdl 
A B 
02M "0-N+ 02N 
,CH3 
© 
The proposed reaction mechanism also indicates that the arylpalladium intermediate 
ArPdl can undergo either the desired carbopalladation of the internal alkyne or an undesired 
Suzuki-type transmetallation directly with the boronic acid "ate complex". That competition 
limits the efficiency of our tetrasubstituted olefins synthesis. An efficient reaction requires 
that the rate of carbopalladation of the alkyne by ArPdl be faster than that of transmetallation 
of ArB(OH)3 by ArPdl. When transmetallation is much faster than carbopalladation, the 
reaction favors formation of biaryl side-product as seen when 4-iodonitrobenzene is 
employed (entry 9 in Table 3). The desired reaction is also less favorable when 
carbopalladation is much faster than transmetallation. In this case, multiple insertion of the 
alkyne is likely to occur, despite the fact that stabilization of the vinylic palladium 
intermediate by the adjacent aromatic ring should favor formation of the desired "mono-
alkyne-insertion" product as stated earlier. Such an imbalance may be responsible for the 
substantial amount of the di-insertion product formed when less hindered, electron-rich 4-
octyne is employed (entry 10 in Table 2). 
This aryl iodide-alkyne-organoboron reaction system is quite complicated since each of 
the 3-components is highly reactive toward Pd catalysis. Depending on the reaction 
conditions employed, the following side-reactions would appear to be possible in our 
reaction system: the direct Suzuki reaction of aryl iodide and arylboronic acid;35 
homocoupling of the arylboronic acid;48 insertion of the alkyne, followed by possible 
reduction;41'49 insertion of the alkyne, followed by migration and ring closure;47d,e double-
insertion of the alkyne, followed by ring closure to a naphthalene;50 and multiple insertion of 
the alkyne.51 Fortunately, most of the above side-reactions, except for the Suzuki reaction, 
are apparently suppressed under our "optimal" reaction conditions. Due to the many 
competing reactions possible in this multi-component reaction system, the choice of reaction 
conditions, stoichiometry and sometimes the proper combination of substrates are essential 
for the success of this chemistry. 
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(f) Synthesis of tamoxifen and derivatives 
The triaryl alkene moiety is a key structure in many nonsteroidal antiestrogens, and the 
antiestrogenic activity is highly dependent on the olefin geometry.43 In particular, tamoxifen 
has been widely used for the treatment of breast cancer at all stages and is believed to be 
responsible for the survival of hundreds of thousands of breast cancer patients (Scheme 4).43 
The regio- and stereoselective synthesis of tamoxifen and its derivatives has been of major 
interest to organic and pharmaceutical chemists for years, and yet it remains today a 
considerable challenge for the synthetic chemist. Recently, some elegant syntheses of 
tamoxifen and its derivatives have been reported.3e'11 a= 12a'180,21 a'22k-44=45 However, they are 
either not regio- and stereoselective or they involve multi-step procedures employing starting 
materials that are not readily available. Thus, a simple, regio- and stereoselective synthetic 
approach to tamoxifen and its derivatives is highly desirable and should pave the way for 
rapid development of these highly potent nonsteroidal antiestrogens. 
pCH2CH2N(CH3)2 
Tamoxifen X = H, Y = H 
OHTAM X = H, Y = OH 
Toremifene X = Cl, Y = H 
Y 
By employing our new approach to tetrasubstituted olefins, we anticipated that it should 
be possible to prepare tamoxifen and analogues in a very concise manner. Our route to 
tamoxifen involves a 3-component reaction of readily available iodobenzene, 1-phenyl-1-
butyne and 4-[2-(dimethylamino)ethoxy]phenylboronic acid (Scheme 5). 
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SCHEME 5 
PCH2CH2N(CH3)2 
H3CH2C 
C=^> ( /-I + H3CCH2 — ( } + 
B(OH)2 
OCH2CH2N(CH3)2 
T amoxifen 
The dimethylamino-containing boronie acid has been successfully synthesized in two 
steps from readily available starting materials. The requisite aryl bromide precursor has 
been obtained by reaction of p-bromophenol and 2-(dimethylamino)ethyl chloride (eq. 10). 
The arylboronic acid has subsequently been prepared in good yield through reaction of the 
corresponding Grignard reagent with B(OMe)s (eq. 11).52 
Br x z>—OH + 1.2 CICH2CH2N(CH3)2-HCI 4 K2C03 
ethanol / toluene 
80 °C 
1. Mg 
OCH2CH2N(CH3)2 
2. B(OMe)3 
3. H30+ 
B(OH)2 
(10) 
OCH2CH2N(CH3)2 
8 2 %  
(11) 
OCH2CH2N(CH3)2 
70% 
In an attempt to control the regioselectivity, a 3-component approach to tamoxifen has 
been attempted employing our modified room temperature reaction conditions. However, the 
reaction was sluggish under those reaction conditions and most of the starting materials 
remained unreacted after 24 h (eq. 12). Fortunately, the reaction could be speeded up by 
simply changing the amount of water. After a 48 h reaction in 2:1 DMF/H20, a 60% yield of 
the desired tamoxifen was isolated by column chromatography. It is noteworthy that the 
reaction seems to be highly regioselective (possibly > 20:1), since the crude tamoxifen 
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obtained is around 95% pure according to 'H NMR spectral analysis.53 By raising the 
reaction temperature to 45 °C, a slightly higher 68% yield of tamoxifen has been obtained in 
24 h. We also observed the formation of about 2 equiv of 7\f,iV-dimethyl-2-(4-
biphenyloxy)ethylamine as a side product, which could be separated from tamoxifen by 
column chromatography. 
OCH2CH2N(CH3)2 
B(OH)2 / 
3  ^ //~l + 1 H3CCH2 — ft + 3 r J 35 (12) 
H3CCH2 
OCH2CH2N(CH3)2 \ // 
34 Tamoxifen 
(a) (b) (c) 
1 % PdCI2(PhCN)2 3 K2C03 1 % PdCI2(PhCN)2,3 K2C03 1 % PdCI2(PhCN)2,3 K2C03 
4:1 DMF/H20, R.T., 24 h 2:1 DMF/H20, R.T., 24 h 2:1 DMF/H20, 45 °C, 24 h 
- 15 % 60 % (> 95% pure)53 68 % ( > 95% pure)53 
The tamoxifen derivatives 36 and 3745d could also be prepared using this chemistry. 
Thus, methyl- and methoxy-substituted tamoxifen have been obtained in good yields with 
good regiochemistry by simply employing 4-iodotoluene or 4-iodoanisole as the starting 
materials (eq. 13). 
(H3C)2NCH2CH2Ox 
I B(OH)2 ^ 
1 % PdCI2(PhCN)2 3 K2C03 
3 N j + 1 H3CCH2 = (\ h + 3 " ' 
2:1 DMF/H20, 45 °C, 24 h 
X 6CH2CH2N(CH3)2 
34 
CH2CH3 
X = Me, 36, 72% (> 95% pure)53 
X = OMe, 37, 80% (> 90% pure)53 
This approach to tamoxifen derivatives is not very general, however, since we have found 
that the reaction of iodobenzene and boronic acid 34 fails to give any of the desired product 
when using 1 -(4-nitrophenyl)-1 -butyne as the starting alkyne. No biaryl side-product is 
formed and the starting materials remain essentially untouched. None of the biaryl or the 
tetrasubstituted olefin is observed even after heating the reaction at 100 °C for 24 h. It is 
interesting to note that the analogous reaction of the closely related electron-rich 4-
methoxyphenylboronic acid works well for 1 -(4-nitrophenyl)-1 -butyne even at room 
temperature (entry 9, Table 6). The direct Suzuki reaction of iodobenzene and 4-[2-
(dimethylamino)ethoxy]phenylboronic acid affords a high yield of biaryl at room 
temperature (eq. 14). 
It would appear that the combination of the aryl iodide, alkyne and boronic acid might be 
forming a stable Pd complex, that prevents further reaction. We hypothesize such a Pd 
complex in which the N and O in the (dimethylamino)ethoxy group coordinate with the 
vinylic Pd intermediate forming a stable chelation complex. With the strong derealization 
of the vinylic anion by the nitro group, coordination of the vinylic anion to the Pd should be 
weakened, allowing stronger coordination of the N and O in the (dimethylamino)ethoxy 
group due to the trans effect. On the other hand, without derealization by the nitro group, 
coordination of the vinylic anion to the Pd should be strong, leading to weaker coordination 
of the N and O in the (dimethylamino)ethoxy group. We hypothesize an equilibrium 
between this chelation complex and the free reactive vinylpalladium intermediate, which is 
free to undergo transmetallation with the boronic acid "ate complex" producing the desired 
product. So far, all attempts to prepare such a nitro-substituted tamoxifen by employing 1-
B(OH)2 -, % PdCI2(PhCN)2 
sk. 1.2 K2C03 I H— OCH2CH2N(CH3)2 (14) 
3:1 DMF/H20, R.T. 
OCH2CH2N(CH3)2 
34 > 90% yield 
37 
(4-nitrophenyl)-1 -butyne have failed. It is noteworthy that one can possibly obtain such 
tamoxifen derivatives through the triarylalkene precursor generated earlier (entries 9 and 10, 
Table 6), since demethylation of the methyl ether, followed by alkylation to generate 
tamoxifen derivatives, is well established.lla'22k'44'45 
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Conclusions 
A new palladium-catalyzed route to tetrasubstituted olefins has been successfully 
developed. The synthesis involves a one-pot, 3 component cross-coupling of readily 
available aryl iodides, internal alkynes and arylboronic acids. The synthetic protocol is 
conceptually simple and quite practical. The reaction is quite efficient and is normally 
insensitive to air. In fact, the presence of water greatly facilitates formation of the desired 
tetrasubstituted olefins. Furthermore, the reaction can be carried out at room temperature. 
The mild reaction conditions accommodate a number of functional groups, such as a ketone, 
an ester, an alcohol and a phenol. Thus, we envision that this chemistry should find wide 
application for the synthesis of tetrasubstituted olefins. 
A wide variety of tetrasubstituted olefins have been prepared in good to excellent yields. 
The reaction involves cw-addition to the internal alky ne. The aryl group from the aryl iodide 
favors the less hindered or more electron-rich end of the alkyne, while the aryl group from 
the arylboronic acid adds to the other end. The proper combination of substrates, as well as 
reaction conditions, is important for the efficiency of the reaction. Although the reaction 
generates a fair amount of biaryl side-product, it can usually be easily separated by column 
chromatography. 
Employing this new approach to tetrasubstituted olefins, we have successfully 
synthesized tamoxifen and several derivatives in a very concise, regio- and stereoselective 
manner. We believe this synthetic protocol should allow the straightforward syntheses of 
various tamoxifen derivatives. 
Experimental Section 
General 
The *H and 13C NMR spectra were recorded at 300 MHz or 400 MHz and 75 MHz or 100 
MHz, respectively. The COESY and NOESY NMR spectra were recorded at 400 MHz. Thin 
layer chromatography was performed using commercially prepared 60-mesh silica gel plates, 
and visualization was effected with short wavelength UV light (254 nm). Low resolution mass 
spectra were recorded on a Finnigan TSQ700 triple quadruple mass spectrometer. High 
resolution mass spectra were recorded on a Kratos MS50TC double focusing magnetic sector 
mass spectrometer using EI at 70 eV. All reagents were used as obtained commercially. 
Distilled water was used as the source of water in this chemistry. Anhydrous forms of K2CO3, 
KHCO3, DMF, ethyl ether, hexanes, and ethyl acetate were purchased from Fisher Scientific 
Co. All palladium salts were donated by Johnson Matthey Inc. and Kawaken Fine Chemicals 
Co., Ltd. All arylboronic acids, except for 4-[2-(dimethylamino)ethoxy]phenylboronic acid 
(34), were donated by Frontier Scientific Co., Ltd. The product characterization data, *H and 
13C NMR spectra for compounds la, lb, 5a+5b, 6a+6b, 15, 16, 20, 24a, 25a, 25b and 26a, and 
H-H COESY/NOESY spectra for compounds la, 24a, 25a and 26a can be found in the 
"Supporting Information" from our previous communication.32 
General procedure for the synthesis of tetrasubstituted olefins at 100 °C (Tables 2-5) 
DMF (8 mL), H2O (2 mL), KHCO3 (0.50 mmol or 0.75 mmol), the Arl (0.50 mmol or 
0.75 mmol), the arylboronic acid (0.75 mmol), and the internal alkyne (0.25 mmol) were 
placed in a 6-dram vial. The contents were stirred and heated in a 100 °C oil bath for 10 min. 
The PdCl2(PhCN)2 catalyst (0.0025 mmol, dissolved in 0.1 mL of DMF) was injected. The 
vial was then heated in an oil bath at 100 °C until palladium black appeared (usually 1-24 h). 
The reaction mixture was cooled, quenched with 30 mL of satd NaCl solution, and the 
aqueous layer was extracted three times with ethyl ether. The combined organic layers were 
dried over anhydrous MgSC>4 and the solvent was evaporated under reduced pressure. The 
product was isolated by chromatography on a silica gel column. 
General procedure for the synthesis of tetrasubstituted olefins at room temperature 
(Table 6). 
DMF (8 mL), H2O (2 mL), K2CO3 (0.75 mmol), the Arl (0.75 mmol), the arylboronic 
acid (0.75 mmol), and the internal alkyne (0.25 mmol) were placed in a 6-dram vial. The 
contents were stirred at room temperature for 10 min. The PdC^PhCN)? catalyst (0.005 
mmol in 0.1 mL of DMF) was injected. The vial was stirred at room temperature (20-30 °C) 
for 24 h. The reaction mixture was then quenched with 30 mL of satd NaCl solution, and the 
aqueous layer was extracted three times with ethyl ether. The combined organic layers were 
dried over anhydrous MgSC>4 and the solvent was evaporated under reduced pressure. The 
product was isolated by chromatography on a silica gel column. 
Synthesis of 4- [2-(dimethylamino)ethoxy]phenylboronic acid (34) (eq. 11). 
To a solution of jV,A^-dimethyl-2-(p-bromophenoxy)ethylamine (7.2 g, 30 mmol, 0.5M in 
dry THF) were added Mg ribbon (1.1 g, 45 mmol, cut in pieces). The contents were stirred 
and refluxed for 1 h. The resulted Grignard reagent was cooled to -78 °C and B(OMe)s (4 
mL, 36 mmol) was slowly added. The reaction mixture was stirred at a temperature between 
-60 to -78 °C for 2 h, and then warmed to room temperature. The resulting reaction mixture 
was quenched by adding 100 mL of IN HC1 solution and then washed with 50 mL of ethyl 
ether (Note: the arylboronic acid is in the aqueous layer as an ammonium salt). 
Triethylamine (10 mL each time) was added to the aqueous layer and the resulting mixture 
was extracted with ethyl ether (50 mL each time). This was repeated 3 times (Note: the 
arylboronic acid is now in the organic phase as the free amine). The combined organic layers 
were dried over anhydrous MgSC>4 and the solvents were evaporated under reduced pressure. 
The crude product was solidified by washing with a small amount (3 to 5 mL) of acetone. 
The final product was collected as a white solid in 70 % yield (4.2 g). 
General procedure for the synthesis of tamoxifen and derivatives (eqs. 12 and 13). 
DMF (8 mL), H2O (4 mL), K2CO3 (0.75 mmol), the Arl (0.75 mmol), the arylboronic 
acid 34 (0.75 mmol), and the 1-phenyl-1-butyne (0.25 mmol) were placed in a 6-dram vial. 
The contents were stirred at room temperature for 10 min. The PdCl2(PhCN)2 catalyst 
(0.0025 mmol in 0.1 mL of DMF) was injected. The vial was stirred at 45 °C for 24 h. The 
reaction mixture was then quenched with 30 mL of satd NaCl solution, and the aqueous layer 
was extracted with ethyl ether three times. The combined organic layer was dried over 
anhydrous MgSCU and the solvent was evaporated under reduced pressure. The product was 
isolated by chromatography on a silica gel column. 
Characterization data: 
1,1,2-Tripheny 1-1 -hexene (3). White solid: mp 85-87 °C (lit.54 mp 87-88 °C); *H NMR 
(300 MHz, CDCI3) 8 0.81 (t,J= 7.2 Hz, 3H), 1.23-1.35 (m, 4H), 2.47 (q,/ = 7.5 Hz, 2H), 
6.90-7.04 (m, 5H), 7.12-7.18 (m, 5H), 7.26-7.40 (m, 5H); 13C NMR (75 MHz, CDCI3) 5 
14.15, 23.05, 31.37, 35.89, 125.94, 126.35, 126.81, 127.59, 128.04, 128.35, 129.77, 129.84, 
130.99, 139.27, 141.36, 142.77, 143.31, 143.76; IR (CDC13, cm"1) 3057, 3022, 2958, 2927, 
2860, 1598, 1491; MS (EI) m/z (rel intensity) 312 (M+, 61), 269 (60), 191 (100); HRMS 
(EI) calcd for C24H24 312.1878, found: 312.1885. 
2,3,3-Triphenyl-2-propen-l-ol (7). White solid: mp 129-131 °C (lit.55 mp 133.5-134 
°C); ln NMR (300 MHz, CDCI3) 8 1.80 (s, 1H), 4.49 (s, 2H), 6.95-6.96 (m, 2H), 7.06-7.08 
(m, 3H), 7.21-7.25 (m, 5H), 7.36-7.39 (m, 5H); 13C NMR (75 MHz, CDC13) 5 65.33, 126.76, 
127.14, 127.59, 127.82, 128.51, 128.54, 129.94, 130.19, 130.92, 138.70, 140.50, 142.41, 
142.44, 143.08; IR (CDC13, cm-1) 3602, 3060, 3026, 2955, 1578, 1491; MS (EI) m/z (rel 
intensity) 286 (M+, 22), 268 (16), 178 (47), 167 (100); HRMS (EI) calcd for C2iH180 
286.1358, found: 286.1361. 
Ethyl (E)-2,3-diphenyl-2-butenoate (8).56 Colorless liquid: !H NMR (300 MHz, 
CDCI3) 8 1.30 (t, J= 7.2 Hz, 3H), 2.35 (s, 3H), 4.28 (q,/= 7.2 Hz, 2H), 7.00-7.06 (m, 4H), 
7.09-7.16 (m, 6H); 13C NMR (75 MHz, CDC13) 8 14.46, 23.32, 61.14, 127.01, 127.25, 
127.99, 128.14, 128.75, 130.07, 132.31, 137.36, 142.09, 143.51, 169.86; IR (CDC13, cm"1) 
3060, 3022, 2983, 1709, 1490, 1444; MS (EI) m/z (rel intensity) 266 (M+, 31), 220 (48), 191 
(82), 178 (48), 115 (100); HRMS (EI) calcd for C,8Hi802 266.1307, found: 266.1311. 
2,3,3-Triphenylpropenal (9). White solid: mp 176-178 °C (lit.57 mp 177-178 °C); !H 
NMR (300 MHz, CDCI3) 8 6.98-7.01 (m, 2H), 7.08-7.24 (m, 8H), 7.32-7.34 (m, 2H), 7.43-
7.46 (m, 3H), 9.75 (s, 1H); 13C NMR (75 MHz, CDCI3) 8 127.71, 128.07, 128.30, 128.51, 
128.95, 129.91, 131.31, 131.52, 131.89, 136.35, 139.31, 140.23, 141.06, 160.86, 193.83; IR 
(CDCI3, cm"1) 3060, 3025, 1664, 1492; MS (EI) m/z (rel intensity) 284 (M+, 43), 283 (27), 
178 (100); HRMS (EI) calcd for C2IHI60 284.1201, found: 284.1208. 
Diethyl (Z)-2,3-diphenylmaIeate (10).58 Colorless liquid: !H NMR (400 MHz, CDCI3) 8 
1.30 (t, J= 12 Hz, 6H), 4.30 (q, J= 7.2 Hz, 4H), 7.08-7.20 (m, 10H); 13C NMR (100 MHz, 
CDCI3) 8 14.29, 61.96, 128.30, 128.43, 129.96, 134.83, 138.85, 168.20; IR (CDCI3, cm1) 
3058, 2983, 1716, 1492, 1444; MS (EI) m/z (rel intensity) 324 (M+, 35), 251 (45), 178 
(100); HRMS (EI) calcd for C20H20O4 324.1362, found: 324.1369. 
(Z)-4,5-Diphenyl-4-octene (11). White solid: mp 40-42 °C (lit.59 mp 42-43 °C); *H NMR 
(300 MHz, CDCI3) 8 0.91 (t, J = 7.2 Hz, 6H), 1.30-1.38 (m, 4H), 2.53 (t,J= 7.5 Hz, 4H), 
6.91-7.08 (m, 10H); 13C NMR (75 MHz, CDC13) 8 14.20, 21.77, 36.50, 125.59, 127.53, 
130.00, 138.53, 143.71; IR (CDCI3, cm-1) 2958, 2868, 1491, 1468; MS (EI) m/z (rel 
intensity) 264 (M+, 79), 221 (35), 178 (37), 91 (100); HRMS (EI) calcd for C2oH24 
264.1878, found: 264.1882. 
(ZyZ)-4,7-Diphenyl-5,6-dipropyl-4,6-decadiene (12). White solid: mp 82-84 °C; [H 
NMR (300 MHz, CDCI3) 8 0.75-0.85 (m, 12H), 1.14-1.23 (m, 8H), 1.61-1.63 (m, 2H), 2.01-
2.07 (m, 2H), 2.20-2.28 (m, 4H), 7.08-7.23 (m, 10H); 13C NMR (75 MHz, CDC13) 8 14.36, 
15.06, 21.66, 22.92, 36.25, 36.64, 125.85, 127.57, 128.87, 136.89, 139.43, 144.12; IR 
(CDCI3, cm"1) 2960, 2870, 1493, 1465; MS (EI) m/z (rel intensity) 374 (M+, 23), 331 (86), 
289 (70), 247 (47), 91 (100); HRMS (EI) calcd for C28H38 374.2974, found: 374.2980. Anal. 
Calcd for C28H38: C, 89.78; H, 10.22. Found: C, 89.76; H, 10.18. 
4-(Triphenylethenyl)phenol (19). White solid: mp 215-217 °C (decompose); !H NMR 
(300 MHz, CDCI3) 8 4.72 (s, 1H), 6.56 (d,J= 8.7 Hz, 2H), 6.90 (d, J= 8.7 Hz, 2H), 7.00-
7.18 (m, 15H); 13C NMR (75 MHz, CDC13) 8 114.83, 126.51, 126.62, 127.85, 127.95, 
131.57, 131.58, 131.61, 132.98, 136.61, 140.42, 140.66, 144.12, 144.13, 144.23, 154.23 (2 C 
are missing due to overlap); IR (CDCI3, cm"1) 3597, 3056, 3027, 2928, 1508, 1490, 1442; 
MS (EI) m/z (rel intensity) 348 (M+, 68), 252 (40), 170 (100; HRMS (EI) calcd for C^H^O 
348.1514, found: 348.1521. Anal. Calcd for C26H20O: C, 89.62; H, 5.78. Found: C, 89.78; H, 
5.75. 
l-[4-(Triphenylethenyl)phenyI]ethanone (21). Light yellow solid: mp 106-108 °C (lit.60 
mp 111 °C); !H NMR (400 MHz, CDC13) 6 2.53 (s, 3H), 7.01-7.05 (m, 6H), 7.10-7.16 (m, 
11H), 7.70 (d, J = 8.4 Hz, 2H); 13C NMR (100 MHz, CDC13) 6 26.84, 127.00, 127.02, 
127.16, 127.95, 128.04, 128.10, 128.12, 131.49, 131.51, 131.73, 135.13, 140.07, 142.80, 
143.29, 143.35, 143.42, 149.28, 198.02; IR (CDCI3, cm"') 3060, 3023, 1678, 1600, 1492, 
1444; MS (EI) m/z (rel intensity) 374 (M+, 59), 359 (11), 252 (100); HRMS (EI) calcd for 
C28H22O 374.1671, found: 374.1680. 
l-(4-NitrophenyI)-l,2,2-triphenylethene (22). Yellow solid: mp 75-78 °C; lH NMR 
(400 MHz, CDCI3) 5 7.03-7.07 (m, 6H), 7.13-7.22 (m, 11H), 7.97 (d, J =  8.4 Hz, 2H); 13C 
NMR (100 MHz, CDCI3) 8 123.29, 127.35, 127.37, 127.61, 128.06, 128.35, 128.36, 131.44, 
131.50, 131.51, 132.34, 139.06, 142.77, 142.91, 142.97, 144.11, 146.19, 151.29; IR (CDC13, 
cm"1) 3056, 3023, 1598; MS (EI) m/z (rel intensity) 377 (M+, 32), 252 (66), 165 (100); 
HRMS (EI) calcd for C26H19NO2 377.1416, found: 377.1422. 
4-(Triphenyletheiiyl)phenyl tetrahydropyranyl ether (23). Colorless liquid. 'H NMR 
(400 MHz, CDCI3) 6 1.62-1.71 (m, 3H), 1.81-1.87 (m, 2H), 1.96-2.05 (m, 1H), 3.56-3.63 (m, 
1H), 3.88-3.98 (m, 1H), 5.33-5.36 (m, 1H), 6.81 (dd, J= 9.2, 2.8 Hz, 2H), 6.95 (dd, J= 8.8, 
2.8 Hz, 2H), 7.02-7.14 (m, 15H); 13C NMR (100 MHz, CDCI3) 8 19.23, 25.45, 30.68, 62.51, 
96.68, 115.76, 126.47, 126.50, 126.58, 127.83, 127.84, 127.96, 131.60, 131.63, 131.67, 
132.70, 137.20, 140.40, 140.83, 144.22, 144.24, 144.26, 155.91; IR (CDC13, cm-1) 3058, 
3026, 1491; MS (EI) m/z (rel intensity) 432 (M+, 11), 348 (100), 253 (20); HRMS (EI) 
calcd for CsiHzgO? 432.2089, found: 432.2099. 
Methyl (Z)-4-(2-phenyl-l-propyl-l-pentenyl)benzoate (29). Colorless liquid: 'H NMR 
(400 MHz, CDC13) 8 0.88-0.93 (m, 6H), 1.30-1.35 (m, 4H), 2.51-2.57 (m, 4H), 3.83 (s, 3H), 
6.89-6.92 (m, 2H), 6.99-7.06 (m, 5H), 7.73 (d,J= 8.4 Hz, 2H); 13C NMR (100 MHz, CDC13) 
8 14.16, 14.21, 21.71, 21.78, 36.20, 36.60, 52.11, 126.00, 127.32, 127.74, 128.99, 129.88, 
130.03, 137.75, 139.87, 143.10, 149.04, 167.36; IR (CDC13, cm"1) 3026, 2960, 2931, 2871, 
1714, 1606, 1491, 1456; MS (EI) m/z (rel intensity) 322 (M+, 54), 293 (36), 279 (21), 205 
(40), 191 (48), 91 (100); HRMS (EI) calcd for C^H^O^ 322.1933, found: 322.1941. 
Methyl (ZrZ)-4-[(4-phenyl-l,2,3-tripropyl)hepta-l,3-dienyl]benzoate (30). Colorless 
liquid: !H NMR (400 MHz, CDC13) 8 0.75-0.80 (m, 6H), 0.85-0.89 (m, 6H), 1.09-1.18 (m, 
4H), 1.35-1.46 (m, 4H), 1.69-1.75 (m, 2H), 2.08-2.23 (m, 6H), 3.91 (s, 3H), 6.94-6.97 (m, 
2H), 7.04-7.07 (m, 2H), 7.12-7.17 (m, 3H), 7.83 (d, J= 8.4 Hz, 2H); 13C NMR (100 MHz, 
CDCI3) 8 14.30, 14.40, 15.10, 15.12, 21.69, 21.71, 23.01, 23.08, 35.90, 36.20, 36.73, 36.80, 
52.18, 117.65, 125.93, 127.40, 127.59, 128.78, 128.89, 136.25, 137.71, 138.68, 140.79, 
143.71, 149.31, 167.56; IR (CDC13, cm"1) 3026, 2962, 2869, 1715, 1492, 1442; MS (EI) m/z 
(rel intensity) 432 (M+, 14), 389 (81), 346 (30), 91 (100); HRMS (EI) calcd for C30H40O2 
432.3028, found: 432.3038. 
(Z)-4,4-Dimethyl-2-(4-methylphenyl)-3-phenyl-2-pentene (31). Colorless liquid: 'H 
NMR (400 MHz, CDC13) 8 0.86 (s, 9H), 1.53 (s, 3H), 2.36 (s, 3H), 7.12-7.15 (m, 6H), 7.24-
7.35 (m, 3H); 13C NMR (100 MHz, CDCI3) 8 21.40, 27.71, 32.52, 36.74, 125.83, 127.90, 
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128.51, 128.73, 129.60, 133.81, 135.56, 143.72, 144.71, 145.48; IR (CDC13, cm"1) 3022, 
2958, 2870, 1491; MS (EI) m/z (rel intensity) 264 (M+, 55), 249 (54), 171 (49), 157 (69), 
115 (100), 91 (88); HRMS (EI) calcd for C2oH24 264.1878, found: 264.1884. 
(Z)-l-(4-Methoxyphenyl)-l-(4-nitrophenyl)-2-phenyl-l-butene (32). Yellow solid: mp 
79-82 °C; NMR (400 MHz, CDC13) 5 0.96 (t, J= 1.6 Hz, 3H), 2.46 (q,J= 7.6 Hz, 2H), 
3 . 6 9  ( s ,  3 H ) ,  6 . 5 8  ( d ,  J =  8 . 8  H z ,  2 H ) ,  6 . 7 5  ( d ,  J =  8 . 8  H z ,  2 H ) ,  7 . 1 2 - 7 . 2 1  ( m ,  5 H ) ,  7 . 4 2  ( d ,  J  
= 8.8 Hz, 2H), 8.22 (d,J = 8.8 Hz, 2H); 13C NMR (100 MHz, CDC13) ô 13.79, 29.31, 55.30, 
113.35, 123.78, 126.84, 128.30, 129.72, 130.64, 132.15, 134.36, 136.64, 141.65, 143.71, 
146.73, 151.11, 158.16; IR (CDC13, cm"1) 3058, 2967, 2935, 2838, 1604, 1511, 1463; MS 
(EI) m/z (rel intensity) 359 (M+, 21), 344 (10), 214 (100), 199 (71); HRMS (EI) calcd for 
C23H2,N03 359.1521, found: 359.1531. 
(Z)-l-(4-Nitrophenyl)-2-phenyl-l-(4-tetrahydropyranyl-2-oxyphenyl)-l-butene (33). 
Yellow liquid: l H  NMR (300 MHz, CDC13) 8 0.98 (t, J =  7.2 Hz, 3H), 1.50-2.18 (m, 6H), 
2.46 (q,J= 7.2 Hz, 2H), 3.52-3.58 (m, 1H), 3.81-3.89 (m, 1H), 5.25-5.29 (m, 1H), 6.69-6.76 
(m, 4H), 7.11-7.25 (m, 5H), 7.40 (d, J= 8.8 Hz, 2H), 8.22 (d,J = 8.8 Hz, 2H); 13C NMR (75 
MHz, CDC13) 8 13.74, 19.13, 25.38, 29.29, 30.59, 62.44, 96.58, 115.81, 123.75, 126.84, 
128.29, 129.72, 130.67, 132.05, 135.19, 136.72, 141.61, 143.75, 146.74, 151.08, 155.76; IR 
(CDC13, cm"1) 3059, 2968, 2840, 1511; MS (EI) m/z (rel intensity) 429 (M+, 10), 344 (10), 
214 (100), 199 (71); HRMS (EI) calcd for C27H27N04 429.1940, found: 429.1948. 
Tamoxifen (35). White solid: mp 95-97 °C (lit.22k 96-98 °C); lH NMR (300 MHz, 
CDC1 3 )  8 0.94 (t, J = 7.5 Hz, 3H), 2.29 (s, 6H), 2.46 (q,J= 7.5 Hz, 2H), 2.66 (t, J= 6.0 Hz, 
2H), 3.94 (t, J= 6.0 Hz, 2H), 6.60 (d,J= 9.0 Hz, 2H), 6.80 (d,J= 8.7 Hz, 2H), 7.11-7.36 (m, 
10H); 13C NMR (75 MHz, CDC13) ô 13.86, 29.25, 46.18, 58.57, 65.95, 113.63, 126.24, 
126.75, 128.11, 128.34, 129.71, 129.94, 132.07, 135.75, 138.50, 141.53, 142.66, 144.07, 
157.04; IR (CDC13, cm"1) 3029, 2965, 2826, 1508; MS (EI) m/z (rel intensity) 371 (M+, 36), 
252 (68), 58 (100); HRMS (El) calcd for C26H29NO 371.2249, found: 371.2255. 
(Z)-Ar^V-Dimethyl-2-[4-[2-(4-methylphenyl)-l-phenyl-l-butenyl]phenoxy]ethanam-
ine (36). Colorless liquid: 'H NMR (400 MHz, CDC13) 5 0.94 (t, J= 7.2 Hz, 3H), 2.30 (s, 
3H), 2.31 (s, 6H), 2.46 (q, J= 7.2 Hz, 2H), 2.68 (t, J= 6.0 Hz, 2H), 3.96 (t, J= 6.0 Hz, 2H), 
6.60 (d, J = 8.8 Hz, 2H), 6.80 (d, J= 8.8 Hz, 2H), 6.95-7.05 (m, 4H), 7.23-7.27 (m, 3H), 
7.32-7.36 (m, 2H); 13C NMR (100 MHz, CDC13) ô 13.95, 21.43, 29.23, 46.22, 58.61, 65.97, 
113.63, 126.67, 128.31, 128.85, 129.73, 129.79, 132.06, 135.71, 135.98, 138.15, 139.51, 
141.43, 144.25, 156.95; IR (CDC13, cm"1) 3020, 2955, 2829, 1509; MS (El) m/z (rel 
intensity) 385 (M+, 61), 348 (100), 252 (82); HRMS (El) calcd for C27H3iNO 385.2406, 
found: 385.2414. Anal. Calcd for C27H3INO: C, 84.11; H, 8.10; N, 3.63. Found: C, 84.30; H, 
8.05, N, 3.60. 
(Z)-/Vr/V-Dimethyl-2-[4-[2-(4-methoxyphenyl)-l-phenyl-l-butenyl]phenoxy]ethan-
amine (37). Light yellow liquid: !H NMR (300 MHz, CDCI3) ô 0.94 (t, J = 7.5 Hz, 3H), 
2.30 (s, 6H), 2.46 (t, J= 7.5 Hz, 2H), 2.67 (t,J= 5.7 Hz, 2H), 3.77 (s, 3H), 3.97 (t, J= 5.7 
Hz, 2H), 6.60 (d, J= 9.0 Hz, 2H), 6.73 (d,J= 9.0 Hz, 2H), 6.80 (d, J= 9.0 Hz, 2H), 7.05 (d, 
J= 9.0 Hz, 2H), 7.25-7.35 (m, 5H); 13C NMR (75 MHz, CDCI3) ô 13.92, 29.14, 46.03, 
55.32, 58.47, 65.74,113.53,113.66, 126.65,128.32,129.72,130.98, 132.11, 134.75, 136.12, 
137.98, 141.03, 144.28,156.80, 158.02; IR(CDC1], cm1) 3022, 2962, 2825, 1508; MS (El) 
m/z (rel intensity) 401 (M+, 37), 252 (25), 58 (100); HRMS (EI) calcd for C27H31NO2 
401.2355, found: 401.2365. 
l-(4-Methylphenyl)-l-(4-nitrophenyl)-2,2-diphenylethene (38a) and E-1-(4-
methylphenyI)-2-(4-nitrophenyl)-l,2-diphenylethene (38b). Yellow oil (mixture); 'H 
NMR (300 MHz, CDC13) 5 2.29 (2 sets of singlets, 3H), 6.93-7.23 (m, 16H), 7.96 (2 sets of 
doublets, 2H); 13C NMR (75 MHz, CDC13) ô 21.49, 21.50, 123.21, 123.25, 127.26, 127.50, 
127.55, 128.09, 128.29, 128.34, 128.38, 128.81, 129.09, 129.11, 131.36, 131.41, 131.44, 
131.51, 131.55, 131.57, 131.60, 132.38, 137.13, 137.17, 138.59, 139.08, 139.84, 140.05, 
143.04, 143.13, 143.17, 143.21, 143.63, 144.15, 146.14, 146.20, 151.53, 151.58 (2 sets of 
peaks); IR (CDC13, cm ') 3056, 3022, 1599, 1491, 1442; MS (EI) m/z (rel intensity) 391 
(M+, 66), 252 (100); HRMS (EI) calcd for C27H21NO2 391.1572, found: 391.1579. 
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CHAPTER 2. Tetrasubstituted Olefin Synthesis via 
Pd-Catalyzed Addition of Arylboronic Acids to Internal Alkynes 
Using 02 as an Oxidant 
Based on a paper published on the Journal of Organic Chemistry16 
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Abstract 
The Pd(II)-catalyzed reaction of arylboronic acids and internal alkynes provides a 
convenient route to a wide variety of tetrasubstituted olefins. The reaction is conducted in 
DMSO using molecular O2 as an oxidant in the absence of any base. The reaction involves 
the cis addition of two aryl groups from the arylboronic acid to opposite ends of the triple 
bond of the internal alkyne. The synthesis tolerates a wide variety of functional groups, 
including alcohol, aldehyde, ester, TMS, and acetal groups. Electron-rich dialkylacetylenes, 
such as 4-octyne, provide highly substituted 1,3-dienes in moderate yields. The very mild 
O2/DMSO conditions also afford good to excellent yields of biaryls by the homocoupling of 
arylboronic acids. 
Introduction 
The regio- and stereoselective synthesis of tetrasubstituted olefins has provided a 
challenge to synthetic organic chemists for years.1 Palladium-catalyzed reactions are versatile 
methods for carbon-carbon bond formation due to their generality and ability to tolerate a 
wide range of important organic functional groups. For example, the carbopalladation of 
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alkynes has provided a versatile approach to various heterocycles, carbocycles, and highly 
substituted olefins.2 The vinylic palladium intermediate generated by the carbopalladation of 
an alkyne can be trapped by various reagents leading to highly substituted olefins (Scheme 1). 
For example, some specific tetrasubstituted olefins have been prepared by intramolecular 
carbopalladation of internal alkynes, followed by cross-coupling with organoboron or 
organostannane reagents.3 We have also reported an efficient, regio- and stereoselective 
synthesis of tetrasubstituted olefins by the Pd-catalyzed intermolecular 3-component 
coupling of an aryl (or vinylic) iodide, an internal alkyne and an arylboronic acid.lf'4 
SCHEME 1. 
R3—PdX R4M 
v R3 PdX v R3 R4 
R1 = R2 —^ f=( o —^ )=( + MX + Pd(0) 
R R R1 R2 
The late transition metal-catalyzed addition of arylboronic acids to unsaturated substrates 
has emerged as an effective method for the synthesis of highly substituted olefins. For 
example, Rh,5 Ni-,6 or Pd-catalyzed7 additions of arylboronic acids to alkynes have been 
reported to produce di- or tri-substituted olefins (eq. 1). 
R3 H 
R1 = R2 + R3-B(OH)2 cat • W (1) 
r " R 2  
Using a stoichiometric amount of AgzCO] as an oxidant, an efficient synthesis of highly 
substituted 1,3-butadienes has been developed by Miura et al by the Pd-catalyzed reaction of 
arylboronic acids and internal alkynes.8 The economic and environmental advantages of 
molecular oxygen as a chemical oxidant are apparent and the selective Pd-mediated aerobic 
oxidation of organic molecules has provided many significant advances in recent years.9 
Recently, we communicated preliminary results on the synthesis of tetrasubstituted olefins by 
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the Pd-catalyzed addition of two aryl groups from an arylboronic acid to internal alkynes 
using O2 as the oxidant (eq. 2).10 Herein, we wish to provide a full account of the scope and 
limitations of this chemistry. Noteworthy is the observation that highly substituted 1,3-dienes 
can be obtained as the product when an electron-rich alkyne, like 4-octyne, is employed. The 
very mild 02/DMS0 conditions also afford various biaryls in good to excellent yields by the 
homocoupling of arylboronic acids. 
Results and Discussion 
(a) Optimization of the tetrasubstituted olefin synthesis 
We first examined the reaction of phenylboronic acid and 1 -phenyl-1 -butyne in THF in 
the presence of 5 mol % of Pd(OAc)2, using air as the oxidant (eq. 3). However, only a trace 
of the desired tetrasubstituted olefin was obtained (Table 1, entry 1). 
2 Ar-B(OH)2 + R1 
DMSO, 02, 4 A MS F 
cat. Pd(OAc)2 
(3) 
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TABLE 1. Optimization Studies (eq. 3)a 
entry DMSO/THF/ catalyst oxidant 4 Â MS ^me yield of 1 biphenyl 
H,0 (h) (%)' (mmol)' 
1 0/100/0 5% Pd(OAc)2 air 
20/80/0 5% Pd(OAc)2 air 
50/50/0 5% Pd(OAc)2 air 
80/20/0 5% Pd(OAc)2 air 
100/0/0 5% Pd(OAc)2 air 
100/0/0 5% Pd(OAc)2 02 
100/0/0 5% Pd(OAc)2 02 
80/0/20 5% Pd(OAc)2 02 
66/0/34 5% Pd(OAc)2 02 
10 50/0/50 5% Pd(OAc)2 02 
11 20/0/80 5% Pd(OAc)2 02 
12 100/0/0 5% Pd(OAc)2 02 
13e 100/0/0 5% Pd(OAc)2 02 
14 100/0/0 5% Pd(OAc)2 02 
15 100/0/0 5% Pd(OAc)2 No® 
16 100/0/0 5% Pd2(dba)3 02 
17 100/0/0 5% Pd(PPh3)4 02 
No 
No 
No 
No 
No 
No 
Yes 
No 
No 
No 
No 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
48 
48 
48 
48 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
trace 
36 
51 
55 
60 (55) 
65(59) 
80 (73) 
73 
24 75(70) 
52 
20 
42 
35 
trace 
25 
30 
< 10 
trace 
0.12 
0.15 
0.22 
0.25 
0.32 
0.33 
0.31 
0.32 
0.26 
0.08 
0.35 
0.33 
0.07 
0.10 
0.12 
0.06 
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TABLE 1. Continued 
entry DMSO/THF/ catalyst oxidant 4 À MS time yield of 1 biphenyl 
H2O (h) (%)' (mmol)0 
18 100/0/0 5% PdCl2(PPh3)2 o2 Yes 24 trace trace 
19 100/0/0 5% PdCl2 o2 Yes 24 trace trace 
20h 100/0/0 5% Pd(OAc)2 o2 Yes 24 50 0.13 
a Unless otherwise indicated, the reaction was run employing 1.25 mmol of 
phenylboronic acid, 0.25 mmol of 1-phenyl-1-butyne in the presence of 5 mol % of Pd(OAc)2 
in 2 ml_ of solvent. bGC yields based on the limiting reagent (alkyne); yields of products 
obtained by column chromatography are reported in parentheses. CGC yield. d 1 Equiv of 
KOAc was added. e 1 Equiv of K2C03 was added. f 1.25 Mmol of 4,4,5,5-tetramethyl-2-
phenyl-1,3,2-dioxaborolane were employed instead of phenylboronic acid. 9 The reaction 
was run under N2.h 0.5 Mmol of phenylboronic acid was employed. 
To our delight, using DMSO as a co-solvent greatly increased the yield. The desired 
tetrasubstituted olefin was obtained in a 36% yield when 5 equiv of phenylboronic acid and 1 
equiv of 1 -phenyl-1 -butyne were employed in 20:80 DMSO/THF using air as an oxidant at 
room temperature for 48 h (entry 2). The tetrasubstituted olefin was obtained in higher yields 
when more DMSO was employed as the solvent (entries 2-5). A 60% yield was obtained 
using only DMSO as the solvent (entry 5). This Pd(OAc)z/DMSO system has proven to be 
quite useful in aerobic oxidation reactions.9 The unique coordinating ability of DMSO could 
play an important role in facilitating the aerobic oxidation of Pd(0) to Pd(II), thus completing 
the catalytic cycle (see the later mechanistic discussion). The reaction proceeds faster using 
O2 as the oxidant and a 65% yield is obtained in 24 h (entry 6). Adding 4 Â molecular sieves 
(MS 4 Â, 0.2 g for a 0.25 mmol reaction scale) to the reaction system further increases the 
yield. Thus, an 80% yield of tetrasubstituted olefin has been obtained in DMSO in the 
presence of 4 Â MS at room temperature (entry 7). The role of the molecular sieves is not 
clear. We first speculated that molecular sieves absorb the water in the system, which 
facilitates the catalytic cycle. If so, adding water to the reaction system should affect the 
catalytic cycle and a lower conversion of the alkyne to product would be expected. However, 
the reaction proceeds well when some water is added. In fact, a slightly higher yield was 
obtained using an 80/20 or 66/34 DMSO/H2O co-solvent than was obtained in pure DMSO 
(compare entries 8, 9 and 6). Only when a 1:1 mixture of DMSO and H2O was employed, 
did the yield actually drop below the yield observed when using pure DMSO (entry 10). A 
solvent consisting of 1:4 DMSO/H2O provided only a 20% yield (entry 11). The lower 
yields possibly arise from solubility problems with the organic substrates in such aqueous 
solvent systems. The presence of a base is known to facilitate the homocoupling of vinylic 
and arylboronic acids.11'12 However, adding a base suppresses formation of the 
tetrasubstituted olefin (entries 12 and 13). Only a 42 % yield was obtained when 1 equiv of 
KOAc was employed as the base (entry 12) and addition of K2CO3 afforded an even lower 
yield (entry 13). Only a trace of the desired tetrasubstituted olefin was obtained when an 
arylboronic ester, 4,4,5,5-tetramethyl-2-phenyl-l,3,2-dioxaborolane, was used instead of 
phenylboronic acid (entry 14). Without the molecular O2 oxidant, the reaction is sluggish 
(entry 15). 
Like other Pd(II)-catalyzed aerobic oxidation reactions,9 the Pd source is critical for the 
success of this chemistry. Pd(OAc)% is superior to any other Pd catalyst so far tested. Much 
lower yields of the desired product were obtained using Pd2(dba)g or Pd(PPh^ (entries 16 
and 17). The presence of chloride ion greatly suppresses the reaction and only a trace of the 
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desired product was obtained when PdCl2(PPh3)2 or PdCl2 was used as the catalyst (entries 
18 and 19). Similar observations have been made in other Pd(II)-catalyzed aerobic oxidation 
reactions run in DMSO.9 
It is noteworthy that trisubstituted olefins are not observed in our process, despite the fact 
that trisubstituted olefins have been reported as the major products in the Rh-,5 Ni-,6 or Pd-
catalyzed7 addition of arylboronic acids to internal alkynes. A 50% yield of the desired 
tetrasubstituted olefin was obtained when only 2 equiv of phenylboronic acid was employed 
(entry 20). Thus, the optimal, very simple, "base free" procedure described in entry 7 of 
Table 1 has been chosen as our "optimal" procedure and employed for the synthesis of a 
wide variety of tetrasubstituted olefins.13 
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(b) Scope and limitations 
As indicated in Table 2, this approach to tetrasubstituted olefins is quite versatile (eq. 4). 
The reaction proceeds well using 1 -phenyl-1 -propyne or 1 -phenyl-1 -hexyne (entries 2 and 3). 
The reaction of p-tolylboronic acid and 1 -phenyl-1 -butyne provides a slightly higher 
yield than that of phenylboronic acid (compare entries 1 and 4). Using />tolylboronic acid, a 
wide variety of internal alkynes has been screened (entries 5-17). Aldehyde-, alcohol-, ester-
and TMS-containing alkynes have also been successfully employed without protection and 
the chemistry provides the desired tetrasubstituted olefins in good yields (entries 6-12). 
When the acetal-containing phenylpropynal diethyl acetal was employed, the desired 
tetrasubstituted acetal-containing olefin was initially formed as observed by GC-MS. 
However, the acetal-containing olefin was not stable on silica gel and the corresponding 
aldehyde 7 was obtained in an 80% yield after column chromatography (entry 8). The 
electron-rich and sterically bulky alkynes 1 -trimethylsilyl-1 -propyne and 4,4-dimethyl-2-
pentyne failed to produce any of the desired tetrasubstituted olefins (entries 13 and 14). The 
terminal alkyne, phenylacetylene, fails to provide the desired trisubstituted product, 
possibly due to multiple insertion of the alkyne leading to oligomerization (entry 15). The 
relatively electron-poor diethyl acetylenedicarboxylate has been successfully employed, 
producing the desired olefin in a 55% yield (entry 16). The relatively electron-poor and 
sterically hindered alkyne 3-phenyl-1 -(2,4,5-trimethoxyphenyl)propynone produced the 
desired olefin 13 in a 66% yield (entry 17). A higher yield of the desired product is obtained 
with the introduction of an electron-withdrawing nitro group into the aromatic ring of 1-
2 R1-B(OH)2 + R2 , cat. Pd(OAc)2 R3 -
DMSO, 02 
(4) 
phenyl-1-butyne (compare entries 18 and 1). Thus, an excellent 90% yield is obtained when 
1 -(4-nitrophenyl)-1 -butyne is allowed to react with p-tolylboronic acid (entry 18). This 
reaction involves clean cis-addition of the two aryl groups from the arylboronic acid to the 
alkyne. The structure of product 14 has been determined by examining its NOESY H-H 
interactions.14 
Using 1-(4-nitrophenyl)-1-butyne as the alkyne, a wide variety of arylboronic acids have 
been successfully employed in this process. Electron-rich and electron-neutral arylboronic 
acids work quite well in this chemistry and afford the desired tetrasubstituted olefins in good 
yields (entries 18-24). It is noteworthy that acetal-containing arylboronic acids work quite 
well and the desired acetal-containing tetrasubstituted olefins have been obtained in good 
yields (entries 20 and 21). However, electron-poor arylboronic acids afford significantly 
lower yields of the tetrasubstituted olefins. Only a 53% yield of the desired tetrasubstituted 
olefin was obtained when 3,5-difluorophenylboronic acid was employed (entry 25). None of 
the desired tetrasubstituted olefin was observed when 4-nitrophenylboronic acid was utilized 
(entry 26). Relatively low yields were obtained when the sterically hindered arylboronic 
acids 2-methylphenylboronic acid and 2-methoxyphenylboronic acid were employed (entries 
27 and 28). When E-2-phenylvmylboronic acid was utilized, only a complex mixture was 
obtained after column chromatography, possibly because the triene product is not stable and 
decomposes (entry 29). None of the desired product was observed when 2-thienylboronic 
acid was employed (entry 30). It is interesting that no 2,2'-bithiophene side product was 
observed either. It is quite possible that the stable S-chelating vinylpalladium intermediate 
forms, tying up the palladium catalyst and killing the reaction. 
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TABLE 2. Synthesis of Tetrasubstituted Olefins (eq. 4)a 
entry R1 R R3 temp. (°C) product yield*" (%) 
Et 
n-Bu 
r.t. 
r.t. 
1 73 
71 
3 Me—4 I Me r.t. 81 
4 Me- Et r.t. 80 
5 ^ 50 5 76 
6 Me- Me C02Et 50 
Me C02Et 
66 
69 
TABLE 2. Continued 
entry R1 Rz R3 temp. (°C) product yield (%) 
7 Me— CHO 50 78 
g (EtO)zCH %  ^ 50 80 
9 Me—<\ 1 HOCH, 50 
HOH2C 
Me 
72 
10 Me-A /— EtQ2C 50 77 
11 Me (\ A EtQ2C TMS 50 
Et02C TMS 
10 
Me 
72 
12 Me TMS 50 11 70 
Me 
70 
TABLE 2. Continued 
entry R1 R R3 temp. (°C) product yield1 (%' 
13 
14 
15 
16 
CH. 
CH3 
TMS 
(-Bu 
H 
C02Et C02Et 
50 
r.t. 
r.t. 
50 
Et02C C02 Et 
Me 
12 55 
17 Me 
MeO y=\ ,p 50 
MeO-
OMe 
/=\ MeO. 
OMe 
13 66 
OMe 
18 Me- Et O2N—& A r.t. 
NO2 
14 
Me 
90 
19 MeO—k y-
MeO 
Et 02N—^w AJ- r.t. 
,NO2 
OMe 
80 
71 
TABLE 2. Continued 
entry R1 R R3 temp. (°C) product yield" (%) 
NO; 
r.t. 
21 THPO- Et 02N—<\ Z/ r.t. 
NO, 
THPO 
17 
OTHP 
82 
22 MeO- Et 0%N-& ^ r.t. 
MeO 
18 
OMe 
23 t- Bu- Et 0 2 N — H  r.t. 
f-Bu 
N02 
19 
f-Bu 
82 
24 Et °2n_\ /)— r.t. 
NO2 
20 86 
72 
TABLE 2. Continued 
entry R1 R R3 temp. (°C) product yield\%) 
25 
b-
Et OzN-& ^ 50 53 
26 O2N- Et OzN-^ j r.t. 
NO2 
22 
NO2 
27 
OMe 
Et 02N—<x ^ 50 
MeO 
,NO2 
OMe 
23 61 
28 
Me 
Et °2N—^ h 50 
,NO2 
Me 24 
50 
29 Et O2N- 50 
NO2 
30 ir\ 
"s Et o%N-^ ; 50 
,NO2 
26 
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a All reactions were run employing 0.0125 mmol of Pd(OAc)z, 1.25 mmol of boronic acid, 
0.25 mmol of the alkyne and 0.2 g of 4Â molelular sieves under an balloon in 2 mL of DMSO 
at the indicated temperature for 24 h. bThe yields are based on products isolated by column 
chromatography. °A complex mixture is obtained after column chromatography. 
Only a trace of the desired tetrasubstituted olefin is observed from GC-MS analysis of the 
crude products when electron-rich dialkylacetylenes, like 4-octyne, are employed. A highly 
substituted 1,3-diene formed from 2 equivs of boronic acid and 2 equivs of alkyne was 
obtained instead. Both electron-rich and electron-poor arylboronic acids afford analogous 
1,3-dienes in moderate yields (eq. 5). In fact, the electron-poor 3-nitrophenylboronic acid 
affords a slightly higher yield than the electron-rich 4-methoxyphenylboronic acid (compare 
entries a and e in eq. 5). The reason for the formation of such 2:2 adducts is not clear. It is 
possible that the carbopalladation of 4-octyne is more facile due to its electron-rich nature 
and steric accessability (see the later mechanistic discussion). 
x 
k 
+ 2 n-Pr- -n-Pr 
B(OH)2 
5% Pd(OAc)2 
M. S„ 02 
DMSO, R.T 
273-6 
X % yield 
(a) 4-OMe 48 
(b) 4-Me 50 
(c) H 52 
(d) 4-C02Me 58 
(e) 3-N02 63 
In order to prepare an unsymmetrical tetrasubstituted olefin through addition of two 
different groups to an internal alkyne, we have examined a 3-component reaction employing 
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electron-rich />-methoxyphenylboronic acid, 1-phenyl-1-butyne, and electron-poor m-
nitrophenylboronic acid (eq. 6). We were pleased to obtain the desired unsymmetrical 
tetrasubstituted olefin 28 in a 52% yield. The symmetrical tetrasubstituted olefin (Z)- 1,2-di-
(4-methoxyphenyl)-l-phenyl-1-butene (29) was also obtained in a 25% yield, but none of the 
dinitrophenyl-containing olefin 30 was observed. These results suggest that the 3-component 
reaction proceeds through the methoxyphenyl-containing vinylpalladium intermediate 31, 
and not the nitrophenyl-containing vinylpalladium intermediate 32 (Figure 1). It is possible 
that the vinylpalladium intermediate 31 is more stable than 32, because the neighboring 
electron-rich methoxyphenyl group can coordinate with the Pd moiety in the vinylic 
intermediate 31 more readily and therefore stabilize the vinylic Pd intermediate more than 
the electron-poor nitrophenyl group stabilizes intermediate 32. A similar observation has 
been made in our previous tetrasubstituted olefin synthesis.lf 
OMe 
+ Et 
M. S., 02 
DMSO, R.T B(OH)2 B(OH)2 
2 3 
MeO MeO OMe 
N02 
(6) 
52% 25% (GC yield) 0 
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Figure 1. Possible Intermediates 
MeO 
PdX PdX 
(c) Homocoupling of boronic acids 
2 R-B,OH,2 5%PD<°A°>* R-R (7) 
DMSO, 02 V ' 
During our tetrasubstituted olefin syntheses, a fair amount of biaryl side product is 
usually obtained. The aerobic oxidative homocoupling of arylboronic acids using DMSO as 
the solvent in the absence of either a base or a phosphine ligand, is unprecedented.11,12 We 
were pleased to find that this homo-coupling reaction is quite general under our very mild 
reaction conditions (eq. 7, Table 3). Electron-neutral (entry 1), electron-rich (entries 2-4), 
electron-poor (entry 5), and sterically hindered (entries 6 and 7) arylboronic acids, as well as 
a vinylboronic acid (entry 8), all afford the desired biaryl or diene products in good to 
excellent yields. We believe that these mild reaction conditions provide a useful route to 
some base-sensitive symmetrical biaryls, which might not be easily prepared using previous 
procedures. 
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TABLE 3. Homocoupling of boronic acids using Pd(0Ac)2/DMS0/02.a 
entry temp. (°C) r product % yield 
1 r.t. 
r.t. 
r.t. 
r.t. 
r.t. 
50 
50 
50 
MeO-
oAX Z 
O2N 
OMe 
Me 
Q 
MeO- OMe 
MeO 
90 
86 
80 
81 
76 
72 
79 
a All reactions were run employing 0.05 mmol of Pd(OAc)2, 1.0 mmol of boronic 
acid, and 0.2 g of 4Â molelular sieves under an O2 balloon in 2 mL of DMSO at the 
indicated temperature for 24 h. bThe yields are based on products isolated by column 
chromatography. 
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Reaction Mechanism 
We propose the mechanism illustrated in Scheme 2 for our tetrasubstituted olefin 
synthesis. This process appears to involve the following key steps: (1) transmetallation of 
the arylboronic acid by the Pd(OAc)2 catalyst; (2) czs-carbopalladation of the internal alkyne 
by the resulting arylpalladium intermediate to generate a vinylic palladium intermediate; (3) 
transmetallation with another molecule of arylboronic acid; (4) reductive elimination 
producing the tetrasubstituted olefin with simultaneous generation of Pd(0); (5) DMSO-
promoted formation of a peroxopalladium(II) species;9f and (6) regeneration of the Pd(OAc)2 
catalyst by protonation of the peroxo species.9 Alternatively, the Pd-promoted 
homocoupling of two molecules of boronic acid could occur, as shown in Scheme 2, which 
would produce the biaryl side product often observed. 
SCHEME 2. Proposed Mechanism 
h2o + c ' • -
2 hc 
Pd Ar—b(oh)2 
Pd(0)l_2 
Pd(OAc)L2 
Ar—b(oh)2 
ACO—B(OH)2 
L2Pd(OAc)2 
Ar-Pd-OAc 
r 
h2o 
aCo-b(oh)2 » ho Ac + b(oh)3 
Ar—B(OH)2 V Pd(0)L2 
Ar-Pd—L + 
Ar Ar—Ar 
i 
l= dmso 
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Carbopalladation of the internal alkyne by the arylpalladium intermediate ArPd(OAc)L2 
in Scheme 2) is the key step in the catalytic cycle. This step presumably proceeds through a 
4-membered ring transition state in which the aromatic ring and Pd in ArPd(OAc)L2 are 
positioned on the same side of the internal alkyne (Scheme 3).15 Thus, carbopalladation 
generates a vinylic palladium species by cis addition to the alkyne. When the electron-poor 
4-nitrophenylboronic acid is utilized, the carbopalladation process is less favorable compared 
with the transmetallation process, which leads to homocoupling of the boronic acid. As a 
result, none of the desired tetrasubstituted olefin is obtained (Table 2, entry 26). 
SCHEME 3. Carbopalladation of Alkyne 
Regeneration of the Pd(II) catalyst by aerobic oxidation of Pd(0) is critical for completion 
of the catalytic cycle. The unique coordinating ability of DMSO could play an important role 
in facilitating the aerobic oxidation of Pd(0) to Pd(II).9 Thus, the presence of DMSO and 
molecular 02 greatly facilitates the reaction. 
When the electron-rich dialkylacetylene 4-octyne was employed, a 2:2 adduct, an 1,3-
diene, was obtained, and only a trace of the normal tetrasubstituted olefin 1:2 adduct was 
observed. Analogous products resulted from di-insertion of the alkyne has also been obtained 
in our previous tetrasubstituted olefin synthesis employing the same alkyne.lf Due to the 
electron-rich nature and steric accessability of 4-octyne, the carbopalladation of two alkynes 
R 
L = DMSO 
may be facile, leading to a relatively stable vinylpalladium intermediate after the insertion of 
2 molecules of alkyne. Although less likely, it is also possible that the initial arylpalladium 
intermediate is coordinated to two molecules of 4-octyne and thus carbopalladation involves 
a cascade addition of the arylpalladium to the two alkynes, leading to the 2:2 adducts. 
Conclusions 
A novel Pd-catalyzed addition of arylboronic acids to internal alkynes is described, which 
provides a wide variety of tetrasubstituted olefins. The reaction is conducted in DMSO using 
molecular 02 as an oxidant in the absence of any added base. The reaction involves cis 
addition of two aryl groups from the arylboronic acid to opposite ends of the triple bond of 
the internal alkyne. The synthesis tolerates a wide variety of functional groups, including 
alcohol, aldehyde, ester, TMS, and acetal groups. The synthesis of an unsymmetrical 
tetrasubstituted olefin is demonstrated through the addition of two electronically 
differentiated arylboronic acids to an internal alkyne. The reaction of electron-rich and 
electron-poor arylboronic acids and an electron-rich dialkylacetylene, 4-octyne, provides 
highly substituted 1,3-dienes in moderate yield. The very mild O2/DMSO reaction 
conditions also afford biaryls and 1,3-dienes in good to excellent yields by the homocoupling 
of aryl and vinylboronic acids. 
Experimental Section 
General 
The *H and 13C NMR spectra were recorded at 300 MHz or 400 MHz and 75 MHz or 100 
MHz, respectively. The COESY and NOESY NMR spectra were recorded at 400 MHz. Thin 
layer chromatography was performed using commercially prepared 60-mesh silica gel plates, 
and visualization was effected with short wavelength UV light (254 nm). Low resolution mass 
spectra were recorded on a triple quadruple mass spectrometer. High resolution mass spectra 
were recorded on a double focusing magnetic sector mass spectrometer using EI at 70 eV. All 
melting points are uncorrected. All reagents were used as obtained commercially. The product 
characterization data, *H and 13C NMR spectra for compounds 4, 5, 7-9, 14, 16-18, 21 can be 
found in the "Supporting Information" from our previous communication.10 
General procedure for the synthesis of tetrasubstituted olefins (Table 2, eqs. 5 eq. 6) 
Pd(OAc)2 (0.0125 mmol), the internal alkyne (0.25 mmol), the arylboronic acid (1.25 
mmol; 0.5 mmol of p-methoxyphenylboronic acid and 0.75 mmol of 3-nitrophenyIboronic 
acid for eq. 6), molecular sieves (Fisher Chemicals, Type 4 Â, Grade 514, 8-12 Mesh, Beads, 
0.2 g), and DMSO (2 mL) were placed in a 6-dram vial. The vial was sealed with a septum, 
degassed, and equipped with an 02 balloon. The contents were stirred at room temperature 
or at 50 °C for 24 h. The reaction mixture was quenched with 20 mL of satd NaCl solution. 
The resulting mixture was extracted three times with ethyl ether (30 mL each time). The 
combined organic layers were dried over anhydrous MgSO^ and the solvent was evaporated 
under reduced pressure. The product was isolated by chromatography on a silica gel column. 
General procedure for the synthesis of biaryl by homocoupling of aryl bronic acids 
(Table 3). 
Pd(OAc)2 (0.05 mmol), the arylboronic acid (1.0 mmol), molecular sieves (Fisher 
Chemicals, Type 4 À, Grade 514, 8-12 Mesh, Beads, 0.2 g), and DMSO (2 mL) were placed 
in a 6-dram vial. The vial was sealed with a septum, degassed, and equipped with an 02 
balloon. The contents were stirred at room temperature or at 50 °C for 24 h. The reaction 
mixture was quenched with 20 mL of satd NaCl solution. The resulting mixture was 
extracted three times with ethyl ether (30 mL each time). The combined organic layers were 
dried over anhydrous MgSO^ and the solvent was evaporated under reduced pressure. The 
product was isolated by chromatography on a silica gel column. 
Characterization data: 
Ethyl (E)-2,3-di-(4-methylphenyl)-butenoate (6) . Colorless liquid: *H NMR (400 
MHz, CDCI3) Ô 1.31 (t, J = 7.2 Hz, 3H), 2.25 (s, 3H), 2.27 (s, 3H), 2.30(s, 3H), 4.28 (q, J = 
7.2 Hz, 2H), 6.90-7.00 (m, 8H); 13C NMR (100 MHz, CDC13) S 14.52, 21.43, 21.44, 23.39, 
61.11, 128.72, 128.81, 128.86, 129.81, 131.83, 134.41, 136.58, 136.90, 139.08, 142.22, 
170.30; IR (CDCI3, cm"1) 3022, 2968, 1715, 1598, 1491; MS (EI) m/z (rel intensity) 294 
(M+, 100), 248 (28); HRMS (EI) calcd for C20H22O2 294.1620, found: 294.1624. 
(£)-!,2-Di-(4-methylphenyl)-l-trimethylsilyl-2-phenylethene (11). White solid: mp 
88-90 °C; !H NMR (300 MHz, CDC13) Ô -0.21 (s, 9H), 2.16 (s, 3H), 2.26 (s, 3H), 6.82-6.96 
(m, 8H), 7.25-7.32 (m, 5H); 13C NMR (75 MHz, CDC13) 8 0.01, 20.62, 20.66, 126.47, 
127.43, 127.52, 127.69, 128.67, 128.91, 129.08, 133.64, 134.89, 139.91, 140.49, 143.17, 
144.26, 152.80; IR (CDC13, cm-1) 3026, 2955, 1492; MS (EI) m/z (rel intensity) 356 (M+, 
100), 341 (86), 284 (8); HRMS (EI) calcd for C25H28Si 356.1960, found: 356.1965. 
Diethyl (Z)-2,3-di-(4-methylphenyl)-maleate (12). Yellow oil: 'H NMR (400 MHz, 
CDCI3) 5 1.29 (t, J= 7.2 Hz, 6H), 2.27 (s, 6H), 4.28 (q, J = 7.2 Hz, 4H), 6.97-7.99 (m, 8H); 
,3C NMR (75 MHz, CDC13) 8 14.31, 21.58, 61.86, 129.09, 129.89, 132.02, 138.27, 138.32, 
168.57; IR (CDC13, cm"1) 3058, 2983, 1716, 1492; MS (EI) m/z (rel intensity) 352 (M+, 
100), 337 (11), 307 (48); HRMS (EI) calcd for C22H2404 352.1675, found: 352.1680. 
(E)- l-(2,4,5-Trimethoxyphenyl)-2,3-di-(4-methylphenyl)-3-phenyl-2-propen-l-one 
(13). Yellow solid: mp 105-107 °C; !H NMR (400 MHz, CDCI3) 8 2.23 (s, 3H), 2.28 (s, 3H), 
3.79 (s, 6H), 3.85 (s, 3H), 6.28 (s, 1H), 6.89-7.01 (m, 8H), 7.09-7.15 (m, 5H), 7.22 (s, 1H); 
13C NMR (100 MHz, CDCI3) 8 21.49, 21.51, 56.17, 56.20, 56.43, 95.90, 113.77, 120.37, 
127.62, 128.02, 128.69, 128.72, 130.19, 130.58, 131.27, 135.89, 136.60, 137.05, 139.20, 
141.44,142.89, 142.97, 143.15, 153.88, 154.49, 197.23; IR (CDC13, cm"1) 3025, 1664, 1598, 
1492; MS (EI) m/z (rel intensity) 478 (M+, 20), 195 (100); HRMS (EI) calcd for C32H3o04 
478.2144, found: 478.2152. 
(£)-l,2-Di-(3,4-dimethoxyphenyl)-l-(4-nitrophenyl)-l-butene (15). Yellow oil; 'H 
NMR (400 MHz, CDC13) 8 0.98 (t,J= 7.2 Hz, 3H), 2.43 (q, J= 7.6 Hz, 2H), 3.49 (s, 3H), 
3.63 (s, 3H), 3.76 (s, 3H), 3.83 (s, 3H), 6.35-6.38 (m, 2H), 6.56-6.60 (m, 2H), 6.72-6.73 (m, 
2H), 7.40 (d, J =  8.8 Hz, 2H), 8.20 (d, J =  8.8 Hz, 2H); 13C NMR (75 MHz, CDC13) 8 13.90, 
29.03, 55.81, 55.93, 56.00, 56.03, 110.60, 110.98, 113.46, 114.47, 121.65, 123.49, 123.73, 
130.61, 134.15, 134.97, 136.41, 143.57, 146.71, 147.70, 148.03, 148.24, 148.71, 150.97; IR 
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(CDC13, cm'1) 3022, 2960, 1598; MS (EI) m/z (rel intensity) 449 (M+, 100), 434 (12); 
HRMS (EI) calcd for C26H27N06 449.1838, found: 449.1842. 
(£)-l,2-Di-(4-/-butylphenyI)-l-(4-nitrophenyl)-l-butene (19). Light yellow solid (mp 
135-137 °C): !H NMR (400 MHz, CDC13) Ô 0.96 (t, J= 7.6 Hz, 3H), 1.20 (s, 9H), 1.35 (s, 
9H), 2.43 (q, J = 7.6 Hz, 2H), 6.70-6.73 (m, 2H), 7.00-7.03 (m, 4H), 7.15-7.18 (m, 2H), 7.42 
(dd, J = 1.6, 8.8 Hz, 2H), 8.22 (dd, J — 1.6, 8.8 Hz, 2H); 13C NMR (100 MHz, CDC13) 6 
13.92, 29.19, 31.45, 31.54, 34.57, 34.66, 123.72, 124.61, 124.89, 129.29, 130.53, 130.69, 
136.77, 138.43, 139.03, 144.14, 146.61, 149.29, 149.71, 151.17; IR (CDC13, cm"1) 3058, 
2966, 1492; MS (EI) m/z (rel intensity) 441 (M+, 100), 416 (16), 279 (80); HRMS (EI) 
calcd for C30H35NO2 441.2668, found: 441.2674. 
(£)-l-(4-NitrophenyI)-l,2-diphenyl-l-butene (20). Light yellow solid: mp 140-142 °C; 
'H NMR (300 MHz, CDC13) Ô 0.99 (t, J= 7.2 Hz, 3H), 2.48 (q, J= 7.5 Hz, 2H), 6.85-6.88 
(m, 2H), 7.04-7.20 (m, 8H), 7.42-7.45 (m, 2H), 8.22-8.25 (m, 2H) ; 13C NMR (100 MHz, 
CDCls) 8 13.78, 29.30, 123.82, 126.66, 126.98, 127.98, 128.24, 129.72, 130.66, 130.98, 
137.17, 141.39, 141.98, 144.62, 146.77, 150.73; IR (CDC13, cm1) 3022, 1516, 1442; MS (EI) 
m/z (rel intensity) 329 (M+, 100), 300 (21), 253 (28); HRMS (EI) calcd for C22Hi9N02 
329.1416, found: 329.1422. 
(£)-l,2-Di-(2-methoxyphenyl)-l-(4-nitrophenyl)-l-butene (23). Light yellow oil: !H 
NMR (400 MHz, CDC13) 8 0.99 (t, J= 7.2 Hz, 3H), 2.50 (br, 2H) (the absence of the quartet 
of the -CH2- group is possibly due to the steric bulkiness around this group), 3.56 (s, 3H), 
3.77 (s, 3H), 6.61-6.76 (m, 4H), 6.90-7.10 (m, 4H), 7.47-7.50 (m, 2H), 8.13-8.18 (m, 2H); 
13C NMR (100 MHz, CDC13) 8 13.79, 26.85, 55.36, 55.39, 110.31, 110.81, 120.03, 120.17, 
84 
122.54, 123.21, 128.17, 128.52, 130.35, 130.68, 130.78, 131.07, 131.74, 134.97, 146.33, 
150.07, 156.84, 156.97; IR (CDC13, cm"1) 3023, 2960, 2870, 1493; MS (EI) m/z (rel 
intensity) 389 (M+, 100), 374 (8); HRMS (EI) calcd for C24H23NO4 389.1627, found: 
389.1632. 
(£)-!,2-Di-(2-methylphenyI)-l-(4-nitrophenyl)-l-butene (24). Light yellow oil: 'H 
NMR (300 MHz, CDC13) ô 1.05 (t, J= 7.2 Hz, 3H), 2.03 (br, 3H), 2.25 (br, 3H), 2.53 (br, 2H) 
(the appearance of the broad peaks and the absence of the quartet of -CH2- group are 
possibly due to the steric bulkiness around these groups), 6.88-7.02 (m, 8H), 7.42-7.47 (m, 
2H), 8.16-8.21 (m, 2H); 13C NMR (75 MHz, CDC13) 6 13.63, 20.13, 20.76, 123.54, 125.17, 
125.35, 126.92, 127.37, 129.56, 130.10, 130.43, 135.99, 140.72, 146.43 (the absence of some 
carbon signals is possibly due to the steric bulkiness around these carbons and possible 
overlap of some carbon signals); IR (CDCI3, cm"1) 3027, 2928, 1508, 1490; MS (EI) m/z (rel 
intensity) 357 (M+, 100), 342 (11), 267 (20); HRMS (EI) calcd for C24H23NO2 357.1729, 
found: 357.1736. 
(Z,Z)-4,7-Di-(4-methoxyphenyI)-5,6-dipropyl-4,6-decadiene (27a). Light yellow oil: 
JH NMR (400 M Hz, CDCI3) 5 0.77-0.83 (m, 12H), 1.16-1.40 (m, 8H), 1.55-1.58 (m, 2H), 
1.99-2.03 (m, 2H), 2.18-2.30 (m, 4H), 3.81 (s, 6H), 6.75 (d, J= 8.8 Hz, 4H), 7.10 (d,J= 8.8 
Hz, 4H); 13C NMR (100 M Hz, CDC13) 5 14.44, 15.11, 21.73, 22.98, 36.21, 36.57, 55.40, 
112.95, 129.78, 136.05, 136.52, 139.19, 157.72; IR (CDC13, cm"1) 3023, 2958, 2930, 2871, 
1601, 1492; MS (EI) m/z (rel intensity) 434 (M+, 65), 121 (100); HRMS (EI) calcd for 
C30H42O2 434.3185, found: 434.3190. 
Dimethyl (Z,Z)-4,4'-(l,3-butadiene-l,4-diyl)-l,2,3,4-tetrapropyl-bis-benzoate(27d). 
Colorless liquid: !H NMR (400 MHz, CDC13) ô 0.72-0.77 (m, 6H), 0.88-0.95 (m, 6H), 1.05-
1.11 (m, 4H), 1.40-1.50 (m, 4H), 1.75-1.85 (m, 2H), 2.10-2.25 (m, 6H), 3.91 (s, 6H), 6.91-
6.96 (m, 4H), 7.80-7.86 (m, 4H); 13C NMR (100 MHz, CDC13) ô 14.29, 15.11, 21.68, 23.12, 
35.83, 36.82, 52.20, 127.55, 128.85, 128.92, 137.12, 140.15, 148.92, 167.51; IR (CDC13, cm" 
') 3026, 1710, 1599, 1491; MS (EI) m/z (rel intensity) 490 (M+, 56), 448 (98), 415 (82), 163 
(100); HRMS (El) calcd for C31H42O4 490.3083, found: 490.3090. 
(Z,Z)-4,7-Di-(3-nitrophenyl)-5,6-dipropyl-4,6-decadiene (27e). Light yellow liquid: 'H 
NMR (400 MHz, CDC13) ô 0.72-0.79 (m, 6H), 0.90-1.10 (m, 10H), 1.56-1.66(m, 4H), 1.92-
2.33 (m, 8H), 6.89-6.93 (m, 2H), 7.20-7.28 (m, 2H), 7.46-7.48 (m, 2H), 7.95-8.00 (m, 2H); 
13C NMR (100 MHz, CDC13) ô 14.24, 15.30, 21.90, 23.27, 35.62, 36.35, 121.09, 123.71, 
128.29, 134.82, 136.52, 140.29, 144.95, 147.69; IR (CDCI3, cm ') 3026, 2960, 2928, 2871, 
1600, 1491; MS (EI) m/z (rel intensity) 464 (M+, 100), 421 (42), 286 (50); HRMS (El) calcd 
for C28H36N2O4 464.2675, found: 464.2683. 
(£)-2-(4-Methoxyphenyl)-l-(3-nitrophenyl)-l-phenyl-l-butene (28). Light yellow 
liquid: 'H NMR (400 MHz, CDC13) ô 0.95 (t, J= 7.2 Hz, 3H), 2.48 (q, J= 7.2 Hz, 2H), 3.75 
(s, 3H), 6.71-6.75 (m, 2H), 7.00-7.05 (m, 2H), 7.15-7.38 (m, 7H), 7.76 (s, 1H), 7.83-7.88 (m, 
1H); 13C NMR (100 MHz, CDCI3) ô 13.74, 29.33, 55.39, 113.86, 120.93, 125.74, 127.40, 
128.50, 128.75, 129.71, 130.93, 133.33, 136.39, 137.10, 142.44, 144.75, 145.34, 147.93, 
158.56; IR (CDC13, cm"1) 3026, 2930, 1599, 1492; MS (EI) m/z (rel intensity) 359 (M+, 100), 
344 (11); HRMS (El) calcd for C23H2iN03 359.1521, found: 359.1526. 
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Abstract 
The unprecedented palladium-catalyzed C-H addition of arenes to nitriles provides 
moderate to excellent yields of aryl ketones or the corresponding hindered imines. The 
addition of a small amount of DMSO increases the yields dramatically. Both intermolecular 
and intramolecular reactions are successful, although the intramolecular reactions tend to be 
more sluggish. This novel chemistry is believed to involve palladium-catalyzed C-H 
activation of the arene by electrophilic aromatic substitution, followed by the unusual 
carbopalladation of a nitrile. Similar reactions have been successfully developed employing 
arylboronic acids and nitriles. A concise route to xanthones starting from cheap starting 
materials has been developed employing this synthetic protocol. 
Introduction 
Developing reliable methods for catalytic C-H functionalization has been a long-term 
goal in synthetic organic chemistry. For example, the catalytic addition of C-H bonds to 
unsaturated substrates has been one of the most attractive research subjects for synthetic 
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chemists for years.1 The late transition metals, such as Pd, have been shown to catalyze C-H 
addition to simple alkenes and alkynes and provide various valuable synthetic intermediates 
catalyzed C-H additions to polar multiple bonds, such as a nitrile.3'4 In fact, the nitrile 
functionality remains untouched during most Pd-catalyzed organic reactions.5 Indeed, the 
nitrile complexes, PdCl2(RCN)2 (R = Me, Ph), are widely used Pd catalysts and acetonitrile is 
a commonly employed solvent in organopalladium chemistry. Up to now, only a few 
examples of reactions involving the intramolecular carbopalladation of nitriles have been 
reported.6,7 Recently, we communicated the first example of Pd-catalyzed simple C-H 
addition to nitriles, which provides a useful new synthesis of aromatic ketones or ketimines 
(eq. I).8 Herein, we wish to provide a full account of the scope and limitations of this 
chemistry. We have also developed a useful ketone synthesis by the reaction of arylboronic 
acids and nitriles under similar reaction conditions. This chemistry has also provided a 
concise route to xanthones starting from cheap starting materials. 
Results and Discussion 
(a) Optimization of the reaction conditions 
Recently, Fuji war a reported highly efficient Pd-catalyzed C-H additions to various 
alkynes and alkenes in TFA.9 The highly cationic Pd(II) species, generated in TFA, is 
believed to be the key to the efficiency of this chemistry. We envisioned that such a highly 
cationic arylpalladium species, when generated in situ by the electrophilic palladation of 
in an atom-economical manner.2 To our knowledge, however, there are no examples of Pd-
Ar-H + R-CN 
cat. Pd(OAc)2 
DMSO / TFA 
(1) 
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arenes, should strongly coordinate with a nitrile and perhaps facilitate the "abnormal" 
carbopalladation of a nitrile. To this end, we initially studied the Pd-catalyzed reaction of 
toluene and benzonitrile in TFA (eq. 2). 
To our delight, a 10% yield of the desired products (o:m:p = 51:16:33) were obtained by 
employing 2 mmol of toluene, 1 mmol of benzonitrile, 0.1 mmol of Pd(OAc)2 in 2.5 mL of 
TFA at 90 °C for 24 h (entry 1 in Table 1). No reaction occurs at room temperature (entry 2). 
Adding either THF or nitrobenzene had little effect on the reaction (entries 3 and 4). 
However, the addition of DMSO afforded a large increase in the yield (entries 5-10). A 76% 
yield of the desired product can be obtained when 2 equiv of DMSO per nitrile are employed 
(entry 7). More or less DMSO gave lower yields. It is noteworthy that the reaction can even 
be improved dramatically by adding only a catalytic amount of DMSO (compare entries 1 
and 9). A slightly lower yield is obtained when only 5% Pd(OAc)% is employed (compare 
entries 7 and 10). The use of TFA as solvent is apparently crucial for the success of this 
chemistry, since none of the desired product was obtained when acetic acid was employed as 
the solvent (entry 11). Other Pd catalysts, such as PdOL(PPh^)2, Pd(PPh^ and Pd/C, are 
ineffective in this chemistry (entries 12-14). The Pd(II) catalyst is uniquely effective, since 
other late transition metal salts or common Lewis acids all failed to give any of the desired 
product (entries 15-22). No reaction occurs in the absence of the catalyst (entry 23). Thus, 
the optimal procedure described in entry 7 of Table 1 has been employed to study the scope 
of this chemistry. 
catalyst ^ ^ hydrolysis (2) 
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TABLE 1. Optimization Studies (eq. 2)a 
entry catalyst additive % yieldc 
1 10% Pd(OAc)2 
26 10% Pd(OAc)2 
3 10% Pd(OAc)2 
4 10% Pd(OAc)2 
5 10% Pd(OAc)2 
6 10% Pd(OAc)2 
7 10% Pd(OAc)2 
8 10% Pd(0 Ac)2 
9 10% Pd(OAc)2 
IQf 5%Pd(OAch 
llg 10% Pd(OAc)2 
12 10% PdCl2(PPh3)2 
13 10% Pd(PPh3)4 
14 10% Pd/C 
15 10% PtCl2 + 20% Ag02CCF3 
16 10% RhCl3 + 30% Ag02CCF3 
17 20% Hg(Q2CCF3)2 
18 20% A1C13 
10 equiv THF 
10 equiv PhN02 
10 equiv DMSO 
5 equiv DMSO 
2 equiv DMSO 
1 equiv DMSO 
0.4 equiv DMSO 
2 equiv DMSO 
2 equiv DMSO 
10 equiv DMSO 
10 equiv DMSO 
10 equiv DMSO 
2 equiv DMSO 
2 equiv DMSO 
2 equiv DMSO 
2 equiv DMSO 
10d 
0 
20(16) 
15 
45 
56 
76 (68)d 
66 
55 
61 
0 
trace 
0 
0 
0 
0 
0 
0 
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TABLE 1. Continued 
entry catalyst additive6 % yield0 
19 20% SnCl4 2 equiv DMSO 0 
20 20% TiCl4 2 equiv DMSO 0 
21 20% Mg(OAc)z 2 equiv DMSO 0 
22 20% Zn(OAc)2 2 equiv DMSO 0 
23 - 2 equiv DMSO 0 
a Unless otherwise indicated, all reactions were run by employing 2.0 mmol of toluene, 1.0 mmol 
of benzonitrile in the presence of the catalyst indicated in 2.5 mL of TFA at 90 °C for 24 h, followed 
by hydrolysis. b The equivalents of additive are based on benzonitrile. °GC yields; yields of products 
obtained by column chromatography are reported in parentheses. d Ortho, meta, and para isomers 
were obtained in a ratio of 51:16:33. eThe reaction was run at room temperature. f The reaction was 
run for 48 h. 8 The reaction was run employing AcOH as the solvent, instead of TFA. 
(b) Reaction of various nitriles and arenes 
Using the optimized reaction conditions, a number of arenes and nitriles have been 
successfully employed in this ketone synthesis (Table 2). The reaction of benzonitrile and 
benzene afforded a much lower yield of the desired product (compare entries 1 and 2), 
possibly due to the fact that benzene is less electron-rich than toluene and benzene is rather 
volatile at the reaction temperature. The reactions of benzonitrile and relative electron-rich 
/^-xylene (entry 3), anisole (entry 4), 1,4-dimethoxybenzene (entry 5) and 1,3,5-
trimethoxybenzene (entry 6) have all afforded the corresponding ketones in good yields. It is 
noteworthy that the ortho and para isomers 4a and 4b were obtained in a ratio of 52:48 when 
anisole was employed (entry 4). The arenes 4-z-butylphenol and 4-methylphenol gave the 
ortho acylation products cleanly in good yields (entries 7 and 8). The arene 4-bromophenol 
also afforded the ortho acylation product, although in a much lower yield (entry 9). None of 
the desired product was obtained when 4-iodophenol was employed, possibly because this 
substrate is unstable in TFA under the reaction conditions (entry 10). The arene 4-
methoxyphenol also failed to give any of the desired product (entry 11). Mesitylene is more 
reactive, affording good yields at only 65 °C or 75 °C (entries 12 and 13). Interestingly, 
biaryl ketimines, instead of ketones, are obtained as the only products in these reactions. 
Other sterically hindered arenes, such as bromomesitylene and 1,2,4,5-tetramethylbenzene 
have also afforded the corresponding ketimines as products (entries 14 and 15). The steric 
hindrance around the imine group apparently hinders the hydrolysis process.10 The relatively 
electron-poor ^ -BrCgH^CN reacts faster and leads to a higher yield of ketimine than the more 
electron-rich p-MeOCeFLiCN (compare entries 16 and 17). Various halogen-containing 
benzonitrile s are excellent substrates for this chemistry, providing the corresponding 
ketimines in good to excellent yields (entries 17-22). For example, the reaction of 1,3,5-
trimethoxybenzene and 2-fluorobenzonitrile afforded the corresponding ketimine in an 89% 
yield (entry 21), compared with a 66% yield of the ketone product obtained when 1,3,5-
trimethoxybenzene and benzonitrile were employed (entry 6). A ketone was obtained when 
1,4-dimethoxybenzene was employed with this latter nitrile (entry 22). It is important to note 
that simple alkanenitriles, such as acetonitrile, also work well in this chemistry (entry 23). 
Unfortunately, heterocyclic compounds, such as an indole (entry 24), failed to give any of the 
desired product, possibly because such substrates are not stable under our reaction 
conditions. Interestingly, intramolecular variations of this reaction are more sluggish than 
the intermodular reactions. For example, only a 16% yield of the xanthone product 24 was 
obtained when er-phenoxybenzonitrile was employed (entry 25). Fortunately, a 7-membered 
ring product 25 was formed more readily, although a higher temperature was required (entry 
26). Simple phenyl-containing alkanenitriles failed to generate the expected intramolecular 
cyclization products (entries 27-29). However, introducing two methyl group on the carbon 
adjacent to the nitrile facilitated cyclization to the corresponding 6- and 7-membered ring 
products 30 and 31 in moderate yields (entries 31 and 32), possibly due to the gem-
disubstituent effect.11 Noteworthy is the fact that the formation of 5- and 6-membered ring 
ketones are more sluggish than formation of a 7-membered ring ketone (compare entries 30, 
31 and 32). This unusual trend strongly indicates that this reaction is most likely not a 
Lewis-acid catalyzed Houben-Hoesch reaction12 (see the later mechanistic section). In fact, 
none of the above reactions in Table 2 provide any of the desired products without the Pd 
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TABLE 2. The Pd-Catalyzed Reaction of Nitriles and Arenes (eq. l)a 
entry arene R temp (°C) product(s) % yieldb 
Me 
3 Me—<f )>— Me <1 />— 90 
90 
90 
i—Me 
1a-c 
O 
2 
O Me 
3 Me 
68" 
48 
73 
OMe 100 -,—OMe 70 
4a, b 
5 MeO OMe 100 
O OMe 
5 OMe 
75 
OMe 
MeO-nQ 
OMe 
100 
O OMe 
66 
7 (H3C)3CW\ /) OH 90 
O OH 
C(CH3)3 
71 
98 
TABLE 2. Continued 
entry arene R temp (°C) product(s) % yieldb 
8 Me-4 , OH 
9 Br—<x h—OH 
10 -OH 
11 MeO—(f V-OH 
95 
95 
95 
95 
O OH 
8 Me 
O OH 
9 Br 
O OH 
10 I 
O OH 
11 OMe 
55 
33 
12 
Me 
Me 
65 
NH Me 
72 
Me 
13 Me 
Me 
75 
NH Me 
80 
14 
Me 
Me 
Me 
90 
Me NH 
13 
66 
99 
TABLE 2. Continued 
entry arene R temp (°C) product(s) % yieldb 
15 
MeXT-#5;\r/Me 
Me' 
75 
Me NH 
14 
80 
16e 
17 
Me 
MeO 
Me 
Me 
Me 
Me 
Me 
90 
90 
NH Me 
MeO 
Me NH 
61 
90 
18 
Me 
Me 
Cl- 90 
Me NH 
88 
19 
Me 
M< 90 
Me NH Br 
72 
20 
Me 
Me 
Me 
d- 90 
Me NH F 
78 
100 
TABLE 2. Continued 
entry arene R temp (°C) product(s) % yieldb 
(H3c)3c-(H3C)3C-
101 
TABLE 2. Continued 
entry arene R temp (°C) product(s) % yieldb 
o 
31 
aUnless indicated otherwise, all reactions were run by employing 2.0 mmol of arene, 1.0 
mmol of nitrile, 0.10 mmol of Pd(OAc)2, and 0.10 mL of DMSO in 2.5 mL of TFA for 24 h. 
The reactions were then worked up under acidic or basic conditions (see the experimental 
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section for detail), isolated yields. cOrtho, meta, and para isomers were obtained in a ratio 
of 51:16:33. AOrtho and para isomers were obtained in a ratio of 52:48. eThe reaction was 
run for 48 h. fThe reaction employed 0.20 mmol of nitrile, 0.03 mmol of Pd(OAc)%, 0.20 mL 
of DMSO and 5.0 mL of TFA for 36 h. 
(c) A two-step approach to xanthones 
Xanthones are abundant in numerous natural products and possess many important 
biological activities.13 As an application of our chemistry, a simple approach to xanthones 
has been developed, which involves ketone formation using simple phenols and 2-
fluorobenzonitrile as starting materials, followed by intramolecular cyclization under mild 
conditions (eq. 3). 
R • 
cat. Pd(OAc)z 
(3) 
0H OH O 
DMSO/TFA 
step 1 - • • - step 2 
Various xanthones have been obtained from cheap, readily available starting materials in 
moderate yields (Table 3, entries 1-4). It is noteworthy that a chloride-containing xanthone 
was obtained (entry 4), since this substrate should be subject to facile functionization via 
various Pd-catalyzed reactions.14 4-Phenylphenol failed to give the ketone product, possibly 
due to solubility problems with this phenol in TFA (entry 5). 4-Methoxyphenol also failed 
to give the desired ketone product (entry 6). However, xanthone 37 can be obtained in a 68% 
overall yield via selective demethylation of the ketone 21 obtained previously by our ketone 
synthesis (see entry 22 in Table 2), followed by cyclization by K2CO3 (eq. 4). 
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TABLE 3. Synthesis of Xanthones (eq. 3) 
entry phenol product % yield of step la,c % yield of step 2b,c 
37 
a Unless indicated otherwise, all reactions were run by employing 2.5 mmol of phenol, 
1.0 mmol of nitrile, 0.10 mmol of Pd(OAc)%, and 0.10 mL of DMSO in 2.5 mL of TFA for 
24 h. The reactions were then worked up under acidic or basic conditions and the products 
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were purified by column chromatography. bThe reactions were run by employing 0.25 mmol 
of ketone, 0.50 mmol of K2CO3 in acetone at 50 °C for 2 h. Isolated yields. 
OMe OMe 
AICI3 K2CO3 
OMe 
(4) 
OMe O F OH O F O 
37 
overall 68% 
21 
(d) Reaction of nitriles and arylboronic acids 
The success of the Pd-catalyzed reaction of arenes and nitriles suggests that a similar 
reaction should occur with nitriles if an arylpalladium species is generated by 
transmetallation. Indeed, we have found that arylboronic acids react under our standard 
reaction conditions with nitriles to provide the corresponding ketimine or ketone products (eq. 
5, Table 4). 
Good to excellent yields have been obtained when electron-rich arylboronic acids react 
with benzonitrile (entries 1-4). Small amounts of ortho and meta isomers were also obtained 
when />-tolylboronic acid was employed (footnote c in entry 2). Keep in mind that a 
50:12:38 olmlp ratio of ketone products was obtained in a 62% yield when toluene was 
allowed to react with 5 equiv of PhCN under these same reaction conditions. The minor 
amounts of o and m isomers may be arising by an alternate protonolysis process, which 
generates toluene, which subsequently undergoes direct reaction with benzonitrile. Thus, 
this arylboronic acid approach to aromatic ketones solves some of the regiochemical 
Ar—B(OH)2 + R-CN cat. Pd(OAc)2 
DMSO / TFA 
O(NH) 
problems observed when simple arenes are employed. Similarly, an 8:92 o/p ratio of ketones 
was obtained when />methoxyphenylboronic acid was employed (footnote d in entry 3), 
while a 52:48 ratio was observed when anisole was employed directly in this process. The 
reaction of mesitylboronic acid and /7-bromobenzonitrile afforded the ketimine product in a 
good yield (entry 5), as opposed to the Suzuki coupling product one would normally expect if 
this reaction were run in the presence of a base. A 38% yield of the desired ketone product 
was obtained when electron poor j>-nitrophenylboronic acid was employed (entry 6). 
Unfortunately, none of the desired product was obtained when 2-thienylboronic acid was 
used, possibly due to the instability of this boronic acid in TFA (entry 7). 
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TABLE 4. The Pd-Catalyzed Reaction of Nitriles and Arylboronic Acids (eq. 5)a 
entry Ar R temp (°C) product(s) % yieldb 
90 71 
2 Me- 90 
o 
II II 
1a-c 
i—Me 
78' 
3 MeO- 100 
71—OMe 
4a,b 
75 
Me 
Me-
Me 
90 
NH Me 
Me Me 
12 
83 
Me 
Me-
Me 
Br- 90 
NH Me 
72 
6 O2N- 90 
0?N 
38 
38 
€K 90 
39 
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aUnless indicated otherwise, all reactions were run by employing 1.0 mmol of 
arylboronic acid, 5.0 mmol of nitrile, 0.10 mmol of Pd(OAc)2, and 0.10 mL of DMSO in 2.5 
mL of TFA at 90 °C for 24 h. The reactions were then worked up under acidic or basic 
conditions. ^Isolated yields. c Ortho, meta, and para isomers were obtained in a ratio of 
9:3:88. dOrtho and para isomers were obtained in a ratio of 8:92. 
Reaction Mechanism 
A plausible mechanism for this ketone synthesis is illustrated in Scheme 1. It involves 
the following key steps: (1) electrophilic metalation of the arene by the Pd(II) catalyst A,15 
which generates arylpalladium species B;9,16 (2) coordination of the nitrile to the Pd; (3) 
carbopalladation of the nitrile to form the imine-Pd(II) complex C;17 (4) protonation of C by 
TFA, which affords the ketimine product D and regenerates the Pd(II) catalyst. On the other 
hand, the arylpalladium species B can undergo further electrophilic metalation with another 
molecule of arene and subsequent reductive elimination can produce the biaryl side-product 
sometimes observed in our reactions. 
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SCHEME 1. Proposed Mechanism 
L-Pd-L l 
Ar 
TFA 
Ar-H A 
Pd(0)L2 
Ar—Ar 1 
RCN TFA 
ArH 
2 TFA L = DMSO 
L2Pd(02CCF3)2 A 
L-Pd-L 
0?CCF 
R-C=N-Pd-L 
Alternatively, a Pd(II)-catalyzed Houben-Hoesch-like12 mechanism is also possible as 
shown in Scheme 2. The key steps here would be: (1) coordination of the nitrile to Pd(II); (2) 
nucleophilic attack of the arene on the activated nitrile to generated a cationic intermediate; 
(3) deprotonation to generate imine-Pd(II) complex C; and (4) protonation of C by TFA, 
which affords the ketimine product D and regenerates the Pd(II) catalyst. 
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SCHEME 2. Proposed Mechanism 
V O2CCF3 
R-C=N-Pd-L _ 
02CCF 3 
RC 
L2Pd(02CCF3)2 A Pd 
OoCCF 
2 TFA L = D M S O  
We strongly favor the mechanism in Scheme 1 over this latter mechanism due to the 
following observations. 
(A) The key mechanistic steps proposed in Scheme 1 all have precedent. The 
electrophilic palladation of arenes under similar conditions is well documented in the 
literature.9'16 Our observation of the preference for o- and p- isomers over the m-isomer in 
the products from toluene or anisole is consistent with electrophilic palladation of the arene9 
(entries 1 and 4, Table 2). Facile carbopalladation of the nitrile should arise from the highly 
cationic arylpalladium complex B generated under our reaction conditions.17 The 
carbopalladation step might involve nucleophilic attack of the arylpalladium intermediate B 
on the nitrile, which is consistent with the observation that faster reactions and higher yields 
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are obtained when using the more electron-deficient p-BrCg^CN over the more electron-
rich />MeOC6H4CN (entries 16 and 17, Table 2). 
(B) The Pd(II) catalyst plays a unique role in the success of this chemistry. The 
combination of a very small amount of Pd(II) and TFA should not be enough to induce the 
Houben-Hoesch reaction given the fact that the pKa of RCNH+ is around -10 and a stronger 
acidic media should be necessary to induce a Houben-Hoesch reaction.12b Many other strong 
Lewis acids, including AICI3 and SnCU, do not catalyze this transformation as indicated in 
Table 1. These results strongly suggest that the Houben-Hoesch mechanism in Scheme 2 is 
not operable in our reaction. 
(C) If a Houben-Hoesch mechanism operates, one would expect the intramolecular 
reactions to be more facile than the intermolecular reactions due to easier access to the arene. 
However, the intramolecular variation of the reaction is much more sluggish than the 
intermolecular variation as described earlier. A unique trend for the intramolecular variation 
(7- over 6- and 5-membered ring formation) is observed, which is inconsistent with a 
Houben-Hoesch mechanism. However, the more sluggish formation of 5- and 6-membered 
ring ketones over 7-membered ring ketones by intramolecular variations of our palladium 
process may be explained by the mechanism shown in Scheme 1, because it is more difficult 
for the anticipated arylpalladium intermediate to form a stable cyclic intermediate in which 
the Pd is also coordinated with the pair of electrons on the nitrile nitrogen in these smaller 
ring systems. 
(D) If a Houben-Hoesch mechanism operates, one would expect a sterically hindered 
arene to encounter difficulties approaching the nitrile, thus leading to more sluggish 
I l l  
reactions. However, this contradicts the fact that the sterically hindered mesitylene is 
apparently much more reactive than toluene in our Pd reactions. 
(E) The mechanism in Scheme 1 suggests that the arylpalladium species B, if generated 
by some other means, should also react with nitriles under similar reaction conditions. The 
success of the reactions between arylboronic acids and nitriles under similar reaction 
conditions strongly supports this C-H activation mechanism. We believe that transmetallation 
between the arylboronic acid and the Pd(II) catalyst should generate such arylpalladium 
species under our reaction conditions (Scheme 3).18 
SCHEME 3. Transmetallation 
ArB(OH)2 + L2Pd(02CCF3)2 —- ArPd02CCF3(L)2 + (H0)2B02CCF3 
(A) (B) 
The presence of DMSO greatly increases the yield of the reaction. It is not clear what 
exactly the role of the DMSO is in the reaction.19 DMSO is known to be a unique ligand in 
many useful Pd(II) transformations.20 We propose that the DMSO-coordinated complex A15 
effectively undergoes electrophilic C-H activation of the arene to generate a DMSO-
stabilized arylpalladium intermediate B 21 The coordination of DMSO in B might stabilize 
this Pd(II) intermediate, increasing the lifetime of this reactive species, and suppressing its 
further reaction with another molecule of arene. On the other hand, DMSO might also 
facilitate the reoxidation of Pd(0) to Pd(II) by air22 should the Pd(II) ever be reduced to Pd(0) 
by the arenes. 
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Conclusions 
The unprecedented palladium-catalyzed C-H addition of arenes to nitriles provides 
moderate to excellent yields of aryl ketones or the corresponding hindered ketimines. The 
addition of a small amount of DMSO increases the yields dramatically. Both intermolecular 
and intramolecular examples of this process are successful. This novel chemistry is believed 
to involve palladium-catalyzed C-H activation of the simple arene, followed by an unusual 
carbopalladation of the nitrile. Similar reactions have been successfully developed 
employing arylboronic acids and nitriles. A concise route to xanthones starting from cheap 
starting materials has been developed employing this synthetic protocol. 
Experimental Section 
General 
The *H and 13C NMR spectra were recorded at 300 MHz or 400 MHz and 75 MHz or 100 
MHz, respectively. Thin layer chromatography was performed using commercially prepared 
60-mesh silica gel plates, and visualization was effected with short wavelength UV light (254 
nm). Low resolution mass spectra were recorded on a triple quadruple mass spectrometer. 
High resolution mass spectra were recorded on a double focusing magnetic sector mass 
spectrometer using EI at 70 eV. All melting points are uncorrected. All reagents were used as 
obtained commercially. The product characterization data, LH and 13C NMR spectra for 
compounds 7, 12, 15, 16, 25, 31 can be found in the "Supporting Information" from our 
previous communication.8 The compounds 30, 32, 34, 37 have been characterized before and 
the characterization data can be found in the literature.23,24,25 
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The intermolecular reaction of nitrites and arenes (Table 2, entries 1-24; Table 3, step 1 
in entries 1-6) 
The arene (2.0 mmol), the nitrile (1.0 mmol), Pd(OAc)% (0.10 mmol), DMSO (0.10 mL) 
and TEA (2.5 mL) were placed in a 6 dram vial. The vial was sealed and the contents were 
stirred and heated at the indicated temperature for 24 h. The ketone products were obtained 
using the following acid work-up procedure and the ketimine products were obtained by 
using the following basic work-up procedure. 
Acidic work-up. Water (15 mL) was added to the vial and the resulting mixture was heated 
at 70 °C for 2 h. The mixture was then cooled and extracted with diethyl ether three times. 
The combined organic layers were dried over anhydrous MgSÛ4 and the solvent was 
evaporated under reduced pressure. The crude product was purified by chromatography on a 
silica gel column. 
Basic Work-up. The reaction mixture was cooled to room temperature, and then K2CO3 
was added to the vial until no CO2 bubbles were generated (Caution: a large amount of CO2 
is generated due to the reaction of TFA and K2CO3). The resulting mixture was extracted 
with diethyl ether three times. The combined organic layers were dried over anhydrous 
MgSCU and the solvent was evaporated under reduced pressure. The crude product was 
purified by chromatography on a silica gel column. 
The intramolecular reaction of arylalkanenitriles (Table 2, entries 25-32) 
The nitrile (0.2 mmol), Pd(OAc)i (0.03 mmol), DMSO (0.2 mL) and TFA (5.0 mL) were 
placed in a 6 dram vial. The vial was sealed and the contents were stirred and heated at the 
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indicated temperature for 24 h. The resulted mixture was then worked up according to the 
above acidic work-up procedure. 
General procedure for the intramolecular cyclization leading to xanthones (step 2 in eq. 
3) 
The (2-fluorophenyl)(2-hydroxyphenyl)methanone (0.25 mmol), K2CO3 (0.50 mmol) and 
acetone (15 mL) were placed in a round-bottom flask. The flask was sealed and the contents 
were stirred at 50 °C for 2 h. The suspension was then filtered through a pad of celite and 
washed with 50 mL of ethyl ether. The filtrate was concentrated to afford the desired 
xanthones. 
The intermolecular reaction of nitriles and boronic acids (Table 4, entries 1-7) 
The nitrile (5.0 mmol), the boronic acid (1.0 mmol), Pd(OAc)z (0.10 mmol), DMSO (0.10 
mL) and TFA (2.5 mL) were placed in a 6 dram vial. The vial was sealed and the contents 
were stirred and heated at 90 °C for 24 h. The resulted mixture was then worked up 
according to the above acidic or basic work-up procedure. 
Characterization data: 
5-Bromo-2-hydroxybenzophenone (9).26 Light yellow oil: VH NMR (400 MHz, CDCI3) 
Ô 6.98 (d, J= 9.2 Hz, 1H), 7.50-7.72 (m, 7H), 11.92 (s, 1H); 13C NMR (100 MHz, CDC13) 8 
110.51, 120.60, 120.73, 128.84, 129.39, 132.66, 135.63, 137.39, 139.19, 162.35, 200.75; IR 
(CDCI3, cm"1) 3490 (br), 3023, 1646, 1590; MS (EI) m/z (rel intensity) 278 (100), 276 (M+, 
98), 197 (36); HRMS (EI) calcd for Ci3H9Br02 275.9776, found: 275.9780. 
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3-Bromo-2,4,6-trimethylphenyl-4'-bromophenylmethanimine (13). Yellow oil: [H 
NMR (400 MHz, CDC13) Ô 2.02 (s, 3H), 2.19 (s, 3H), 2.42 (s, 3H), 7.00 (s, 1H), 7.48-7.59 (m, 
4H), 8.8-10.2 (br, 1H); 13C NMR (100 MHz, CDC13) ô 19.62, 21.51, 24.29, 125.96, 126.35, 
129.52, 130.35, 132.15, 133.14, 134.50, 136.35, 138.71, 139.03, 177.08; IR (CDC13, cm'1) 
3260, 3016, 2926, 1610, 1596; MS (EI) m/z (rel intensity) 383 (15), 381 (M+, 15), 301 (10), 
221 (9), 44 (100); HRMS (EI) calcd for Ci6Hi5Br2N 380.9551, found: 380.9557. 
2,3,5,6-Tetramethylphenyl-phenylmethanimine (14). Colorless oil: !H NMR (400 
MHz, CDC13) ô 2.02 (s, 6H), 2.26 (s, 6H), 7.03 (s, 1H), 7.36-7.43 (m, 3H), 7.72-7.76 (m, 2H), 
9.0-10.0 (br, 1H); 13C NMR (100 MHz, CDC13) 5 16.74, 20.04, 127.99, 128.76, 130.30, 
131.16, 131.45, 134.40, 138.18, 141.17, 179.80; IR (CDC13, cm'1) 3250, 3025, 2920, 2858, 
1616, 1593; MS (EI) m/z (rel intensity) 237 (M+, 22), 222 (16), 40 (100),; HRMS (El) calcd 
for Ci6Hi6ClN 237.1518, found: 237.1521. 
4'-Chlorophenyl-2,4,6-trimethyIphenyImethanimine (17). Light yellow oil: 'H NMR 
(400 MHz, CDCI3) 5 2.08 (s, 6H), 2.33 (s, 3H), 6.92 (s, 2H), 7.32 (d, J = 8.4 Hz, 2H), 7.66 (d, 
J= 8.8 Hz, 2H), 8.8-10.2 (br, 1H); 13C NMR (75 MHz, CDC13) ô 19.83, 21.36, 128.66, 
128.68, 129.04, 129.29, 134.41, 136.45, 137.42, 138.24, 177.65; IR (CDC13, cm"1) 3250, 
3023, 2920, 2858, 1618,1599; MS (EI) m/z (rel intensity) 257 (M% 80), 256 (100), 242 (20), 
222 (18); HRMS (El) calcd for Ci6H16ClN 257.0971, found: 257.0975. 
2'-FluorophenyI-2,4,6-trimethyIphenylmethanimine (19). Colorless oil: !H NMR (400 
MHz, CDCI3) ô 2.14 (s, 6H), 2.31 (s, 3H), 6.89 (s, 2H), 7.06-7.15 (m, 2H), 7.36-7.50 (m, 2H), 
8.8-10.2 (br, 1H); 13C NMR (100 MHz, CDC13) 5 19.20, 21.36, 116.86, 117.08, 124.52, 
124.56, 128.68, 130.89, 130.91, 132.39, 132.48, 134.44, 138.09, 160.20, 162.73, 176.80; IR 
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(CDClj, cm"1) 3245, 3032, 2963, 2868, 1642, 1605; MS (EI) m/z (rel intensity) 241 (M+, 80), 
240 (100), 225 (22), 221 (28); HRMS (EI) calcd for CI6HI6NF 241.1267, found: 241.1269. 
2'-Fluorophenyl-2,4,6-trimethoxyphenylmethanimine (20). White solid: mp 126-128 
°C; !HNMR (300 MHz, CDC13) 5 3.61 (s, 6H), 3.77 (s, 3H), 6.10 (s, 2H), 6.90-7.10 (m, 2H), 
7.20-7.30 (m, 1H), 7.47-7.55 (m, 1H), 9.0-9.8 (br, 1H); 13C NMR (75 MHz, CDC13) ô 55.55, 
56.01,90.94, 112.37, 115.97, 116.27, 123.96, 124.01, 128.61, 130.43, 130.47, 131.15, 131.27, 
158.52, 158.53, 159.27, 162.13, 162.61, 169.43; IR (CDClg, cm"') 3255, 3032, 2963, 1642, 
1608; MS (EI) m/z (rel intensity) 289 (M+, 30), 257 (40), 123 (100); HRMS (EI) calcd for 
CI6H16FN03 289.1114, found: 289.1118. 
2'-Fluorophenyl-2,5-dimethoxyphenylmethanimine (21). Colorless oil: 'H NMR (400 
MHz, CDCI3) 8 3.58 (s, 3H), 3.78 (s, 3H), 6.85-7.20 (m, 5H), 7.40-7.55 (m, 1H), 7.65-7.68 
(m, 1H); 13C NMR (75 MHz, CDC13) 8 56.05, 56.47, 113.41, 114.70, 115.91, 116.21, 119.58, 
124.21, 124.26, 128.70, 129.91, 130.98, 131.01, 133.66, 133.77, 153.03, 153.05, 153.73, 
159.51, 162.89, 192.53; IR (CDCI3, cm1) 3032, 2963, 2868, 1632, 1600; MS (EI) m/z (rel 
intensity) 260 (M+, 100), 245 (18); HRMS (EI) calcd for CI5HI3F03 260.0849, found: 
260.0853. 
2'-Fluorophenyl-(2-hydroxyI-5-methylphenyl)methanone. Colorless oil: *H NMR 
(300 MHz, CDCI3) 8 2.23 (s, 3H), 6.96 (d,J= 8.7 Hz, 1H), 7.10-7.40 (m, 4H), 7.43-7.56 (m, 
2H), 13.0 (s, 1H); 13C NMR (75 MHz, CDC13) 8 20.64, 116.40, 116.68, 118.30, 119.65, 
124.54, 124.58, 128.47, 130.03, 130.07, 132.92, 133.03, 133.07, 133.10, 138.45, 160.97, 
161.27, 198.73; IR (CDCI3, cm"1) 3450 (br), 3032, 2960, 1642, 1600; MS (EI) m/z (rel 
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intensity) 230 (M+, 100), 215 (21); HRMS (EI) calcd for Ci4HnF02 230.0743, found: 
230.0750. 
2'-Fluorophenyl-(2-hydroxyI-5-isopropylphenyl)methanone. Colorless oil: NMR 
(300 MHz, CDC13) ô 1.15 (d,J= 6.9 Hz, 6H), 2.79 (m, 1H), 6.99 (d,J= 8.7 Hz, 1H), 7.20-
7.60 (m, 6H), 11.84 (s, 1H); 13C NMR (75 MHz, CDC13) 8 24.11, 33.36, 116.38, 116.66, 
118.35, 119.57, 124.54, 124.59, 126.80, 130.19, 130.23, 130.77, 130.80, 133.04, 133.15, 
135.81, 139.60, 157.71, 161.04, 161.50, 198.67; IR (CDC13, cm-1) 3500 (br), 2968, 2866, 
1642, 1599; MS (EI) m/z (rel intensity) 258 (M+, 100), 243 (16); HRMS (EI) calcd for 
CI6HI5F02 258.1056, found: 258.1061. 
2-IsopropyIxanthone (33). Colorless oil: *H NMR (300 MHz, CDCI3) 8 1.32 (d, J= 6.9 
Hz , 6H), 3.05 (m, 1H), 7.33-7.50 (m, 3H), 7.58-7.72 (m, 2H), 8.17 (d, J= 2.4 Hz, 1H), 8.35 
(dd,J= 1.8, 8.1 Hz, 1H); 13C NMR (75 MHz, CDCI3) 8 24.21, 33.91, 118.07, 118.16, 121.75, 
122.03, 123.67, 123.93,126.97, 134.01, 134.85, 144.92, 154.82, 156.41, 177.65; IR (CDC13, 
cm"1) 3027, 2950, 2870, 1648, 1605; MS (EI) m/z (rel intensity) 238 (M+, 100), 223 (16); 
HRMS (EI) calcd for Ci6Hi402 238.0994, found: 238.0999. 
2-Chloroxanthone (35) 27 White solid: mp 169-171 °C; LH NMR (400 MHz, CDC13) 8 
7.35-7.50 (m, 3H), 7.63-7.76 (m, 2H), 8.25-8.32 (m, 2H); 13C NMR (100 MHz, CDC13) 8 
118.26, 119.98, 121.65, 122.87, 124.50, 126.23, 127.00, 129.91, 135.14, 135.41, 154.67, 
156.23, 176.35; IR (CDC13, cm"1) 3023, 1652, 1600; MS (EI) m/z (rel intensity) 230 (M+, 
70), 135 (100); HRMS (EI) calcd for CI3H7C102 230.0135, found: 230.0136. 
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Abstract 
The ICl-induced cyclization of heteroatom-substituted alkynones provides a simple, 
highly efficient approach to various 3-iodochromones and analogues. This process is run 
under mild conditions, tolerates various functional groups, and generally provides chromones 
in good to excellent yields. Subsequent palladium-catalyzed transformations afford a rapid 
increase in molecular complexity and a convenient preparation of a wide range of 
functionally-substituted chromones, furans, and polycyclic compounds. 
Iodothiochromenones and iodoquinolinones are also prepared by similar ICl-induced 
cyclizations. 
Introduction 
Diversity-oriented synthesis (DOS) is an emerging field involving the synthesis of 
combinatorial libraries of diverse small molecules for biological screening, which has served 
as a new driving force for advancing synthetic organic chemistry.1 As a privileged structure 
in drug discovery,2 chromones are abundant in numerous naturally-occurring products3 and 
possess a wide range of biological activities. Known as nature's tender drugs, they have been 
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shown to be effective tyrosine and protein kinase C inhibitors, as well as antifungal, antiviral, 
antitubulin, antihypertensive, antioxidant, anti-inflammatory, immunomodulatory, 
antithrombotic, and anticancer agents.4 Traditionally, chromones have been prepared by the 
Baker-Venkataraman reaction5 or the oxidative cyclization of chalcones.6'7 However, these 
approaches normally involve harsh reaction conditions, such as the use of strong acids or 
bases, under high temperature, etc. A limited number of chromone deviratives have also 
been efficiently synthesized by microwave heating8 and by the Pd-catalyzed carbonylative 
Sonogashira reaction.9 Due to the importance of chromones as pharmacologically active 
molecules, a general and diversity-oriented approach towards these compounds is highly 
desirable. 
Recent work by our group and others has shown the electrophilic cyclization of 
functionally-substituted alkynes to be an efficient way of generating benzo [&]thiophenes,10 
benzofurans,11 bicyclic /^-lactams,12 cyclic carbonates,13 2,3-dihydropyrroles and pyrroles,14 
furans,15 furopyridines,16 indoles,17 isochromenes,18 isocoumarins and a-pyrones,19 
isoquinolines and naphthyridines,20 isoxazoles,21 naphthalenes,22 polycyclic aromatics,23 and 
quinolines.24 Herein, we report an efficient approach to various 3-iodochromones via ICl-
induced cyclization (eq. 1). These reactions are run under very mild neutral reaction 
conditions, tolerate various functional groups, and generally provide the iodochromone 
products in good to excellent yields. lodothiochromenones and iodoquinolinones are also 
prepared by analogous ICl-induced cyclization. The iodide products can be further elaborated 
to a wide range of functionally-substituted chromones, furans, and polycyclic compounds 
using subsequent palladium-catalyzed processes. 
125 
XMe 
ICI, -78 °C or r.t. 
CH2CI2 (1)  
X' R 
X = O, S, NMe 
Results and Discussion 
The 2-methoxyaryl-containing alkynones required for our approach can be readily 
prepared in one or two steps by two complementary methods: 1) the palladium/copper-
catalyzed Sonogashira coupling of an acid chloride with a terminal acetylene at room 
temperature or 50 °C;25 or (2) the addition of a lithium acetylide to an aldehyde, followed by 
oxidation of the resulted secondary alcohol by activated MnC^26 (Scheme 1). Generally, the 
requisite alkynones are obtained in 66-98% yields by these straightforward approaches (see 
the Supporting Information for details). 
SCHEME 1. Synthesis of Alkynones 
0 
5c CI 
OMe 
1.3 R- -H 
2% PdCI2(PPh3)2 
1% Cul, 50 °C or r.t., NEt3 
O 
\ " 1.1 R- -Li MnO? OMe 
OMe THF, -78 C to r.t. CHCI3, reflux 
To examine the feasibility of the iodocyclization of such alkynones, we initially studied 
the reaction of 1 -(2-methoxyphenyl)-3-phenylpropynone (1) and ICI. To our delight, the 3-
iodochromone 2 was obtained in a 96% isolated yield after stirring alkynone 1 (0.25 mmol) 
and 1.5 equiv of ICI in 3 mL of CH2CI2 at room temperature for only 10 min (Table 1, entry 
1). It is noteworthy that no chromone 2 was obtained when the weaker electrophile I2 was 
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employed instead of ICI using CH2CI2 as the solvent at room temperature for 6 h. The 
reaction is still very efficient and provides the iodochromone 2 in a 99% yield when run at -
78 °C for 2 h (entry 2). It is noteworthy that the reaction can be easily run on a multi-gram 
scale and the iodochromone 2 is obtained in excellent yield without the use of any column 
chromatography (see the Experimental section for details). 
The scope of this reaction is quite general. Excellent yields have been obtained when 
substituting the phenyl moiety of the alkynone 1 by various electron-rich and ortho-
substituted arenes (entries 3-6). Also noteworthy is the fact that this chemistry tolerates 
acetoxy (entry 7) and thiophene (entry 8) groups and the corresponding chromones are 
obtained in excellent yields. However, none of the desired product was obtained when an 
electron-poor 3-pyridyl group was introduced (entry 9).27 A 45% isolated yield of chromone 
was obtained when a 3,5-bis(trifluoromethyl)pheny 1 group was employed (entry 10). This 
reaction needed to be run at room temperature for a longer time. A 3:1 ratio of regioisomeric 
side products arising from ICI addition to the triple bond was also obtained from this reaction 
in a 46% yield. It is likely that the introduction of more electron-deficient aromatic rings on 
the distal end of the triple bond destabilizes the expected carbocation-like iodonium 
intermediate, disfavoring cyclization and resulting in direct addition of ICI across the triple 
bond (see the later mechanistic discussion). A 96% isolated yield of iodochromone was 
obtained when a 1-cyclohexenyl group was introduced into the alkynone (entry 11). Alkyl-
substituted alkynones are less reactive (entries 12-14). Nonetheless, the desired products can 
be obtained in good yields when the reactions are run under more dilute conditions for a 
longer reaction time (entries 12 and 13). Unfortunately, none of the desired product was 
obtained when the methoxymethyl-substituted alkynone 25 was employed, consistent with 
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destabilization of a polarized cationic intermediate (entry 14). The TMS-substituted 
alkynone 27 afforded none of the desired chromone (entry 15), possibly due to steric 
hindrance to cyclization by the highly hindered TMS group that blocks the incoming oxygen 
nucleophile (see the later mechanistic discussion). Generally substituents on the 2-
methoxyaryl moiety of the alkynone have little effect on the efficiency of the iodocyclization 
process. Various halogen and methoxy-containing chromones can be obtained in excellent 
yields (entries 16-20). None of the desired product was obtained when the 2,4,6-
trimethoxyphenyl alkynone 39 was employed, despite the fact that the analogous 2,4-
dimethoxyphenyl and 2,4,5 -trimethoxyphenyl alkynones provide excellent yields of the 
desired products (compare entry 21 with entries 19 and 20). It seems likely that the methoxy 
substituents in the 2- and 6-positions force the alkynone unit out of planarity with the 
methoxy-substituted arene thus preventing cyclization. 2-Methoxy-4-nitrophenyl-, 2-
methoxynaphthy 1-, and a pyridyl-containing alkynone have all provided the desired 
chromones in excellent yields (entries 22-24). 
This chemistry is not limited to the synthesis of iodochromones, analogous 
lodothiochromenones and iodoquinolinones can also be obtained in good to excellent yields 
(entries 25-30). For reasons we do not presently understand, the alkynone 55 bearing a 
phenyl group gave the corresponding methyl salt 56 in good yield, while the cyclohexenyl-
substituted substrate 57 afforded the quinolinone 58 in high yield. Thus, a wide variety of 
diversely substituted chromones, thiochromenones, and quinolinones can be synthesized in 
high yields by this simple, highly efficient ICl-induced cyclization. 
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TABLE 1. Synthesis of lodochromones and Heteroatom Analogues by ICl-Induced 
Cyclization (eq. l)a 
entry alkynone temp time (°C) product(s) % yield" 
^ 1 r.t. 10 min 2 96 
-78 2 h 99 
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TABLE 1. Continued 
entry alkynone temp 
(°C) 
time product(s) % 
yieldb 
10d 
OAc 
11 -78 2 h 
13 -78 2 h 
15 -78 to 6 h 
r.t. 
CF3 17 -78 to 
r.t. 
6 h 
12 98 
95 
45e 
CF, 
11 19 -78 2 h 96 
12 
OMe 
21 
(CH2)4CH3 -78 to 6 h r.t. 
O 
22 
O ^(CH2)4CH3 
85 
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TABLE 1. Continued 
entry alkynone temp 
(°C) 
time product(s) % 
yield" 
13 
14 
15 
O 
23 
CH2CH2CH2CI "7R8TT0 6 h 
16 
OMe "CH2OMe 
25 
"
7
r
8tt0 6 h 
27 -78 to 6 h 
r.t. 
29 -78 2 h 
24 
O" "CH2CH2CH2CI 
o 
0 CH2OMe 
O TMS 
76 
0f 
92 
17 
18 
19 
MeO 
31 -78 2 h 
OMe 
33 -78 2 h 
35 -78 2 h 
32 90 
93 
36 88 
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TABLE 1. Continued 
entry alkynone temp time 
(°C) 
product(s) % 
yield" 
20 37 -78 2 h 38 92 
21 
22 
OMe O 
MeO 
39 -78 to 
0,N 
OMe O 
6 h 
MeO 
41 -78 to 6 h 
r t .  0 , N  
09 
23 
24 
25 
43 -78 to 6 h 
r.t. 
45 -78 to 6 h 
r.t. 
47 -78 2 h 
92 
93 
48 88 
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TABLE 1. Continued 
entry alkynone temp 
(°C) 
time product(s) % 
yield" 
26 
27 
28 
OMe 
49 -78 2 h 
51 -78 2 h 
OMe 53 -78 2 h 
OMe 
90 
52 92 
OMe 54 70 
OMe 
29 55 -78 2 h 56 78" 
Me Me 
CI" 
30 57 -78 2 h 58 93 
a All reactions were carried out using 0.25 mmol of the alkynone, 0.375 mmol of ICI in 3 mL of 
CH2C12 at the indicated temperature and time unless otherwise specified. b The yields are based on 
products isolated by column chromatography. 0 The starting material was recovered. d The 
reactions were run in 10 mL of CH2CI2. eThe products from ICI addition to the alkyne have been 
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isolated in a 46% yield. f The product from ICI addition to the alkyne has been obtained in a 90% 
yield. 8 A complex mixture was obtained. hAttempts to efficiently transform this salt to the 
iodoquinolinone have so far failed. 
We believe that this approach to 3 -iodochromones should prove very useful for the 
synthesis of additional more highly substituted chromones and other heterocycles, via 
elaboration of the resulting iodide functionality into other substituents (Scheme 2). For 
example, a flavone can be obtained in 92% yield by Pd-catalyzed reduction of the 3-
iodochromone by sodium formate (path A). The 3-iodochromones can also be transformed 
to polycyclic aromatic products by the Pd-catalyzed annulation of arynes (path B).28 The 
Sonogashira reaction has proven to be quite successful on these 3 -iodochromones, and the 
resulting alkynyl chromones can be readily cyclized to highly functionalized furans by 
iodocyclization (path C).15d These 3-iodochromones can also provide phenol-containing 
furans by the Pd-catalyzed coupling with internal alkynes (path D).29 Enyne-substituted 
chromones can also be obtained by a modified Sonogashira reaction (path E).30 
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SCHEME 2. Pd-Catalyzed Diversification of 3-Iodochromones 
o 
(92%) 
Me Me 
Me 
Me 2% PdCI2(PPh3)2 
HC02Na, DMF, 90 °C 
(81%) 
ref. 30 
ref. 28 
(57%) 
Sonogashira 
ref. 29 Ph 
Ph (80%) Ph (61%) 
ref. 15d Ph 
(61%) Ph 
OMe 
2,3-Diarylchromones are known to be antihypertensive and anti-inflammatory agents, as 
well as COX-2 inhibitors.63,31 Such chromones are easily generated by Suzuki cross-coupling 
of the 3-iodochromones. For example, 3 -(4 ' -methylphenyl)-2-phenylchromone (59) can be 
obtained in an 82% yield by reaction of the 3-iodochromone 36 and />-tolylboronic acid 
(Scheme 3). These 3-iodochromones are also easily transformed into tetracyclic furan-
containing products, such as 60, by demethylation of methoxy-substituted chromones like 10 
and subsequent Pd-catalyzed intramolecular C-0 bond formation (Scheme 3). 
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SCHEME 3. Pd-Catalyzed Diversification of 3-Iodochromone Derivatives 
o Me 
MeO 
B(OH)2 
K2C03i 4:1 DMF/H20 
80 °C 
2% PdCI2(PhCN)2 
MeO' 
36 
82% yield 
O O 
MeO 
CH2CI2 K2C03, DMF, 90 °C 
BBr3 5% PdCI2(PPh3)2 
60 
52% yield 
10 
Mechanistically, we believe that these iodocyclizations proceed by the following key 
steps: (1) coordination of the carbon-carbon triple bond to the ICI or attack of the iodine 
cation on the triple bond to generate an iodonium intermediate, (2) nucleophilic attack of the 
oxygen of the ortho-methoxy group on the activated iodonium intermediate to produce a 
chromonium salt, and (3) facile removal of the methyl group via SN2 displacement by the 
chloride anion present in the reaction mixture to generate the 3-iodochromone product and 
one molecule of MeCl (Scheme 4). Only chromones have been obtained from this process. 
No benzofuranone product has ever been observed to arise by this process. Obviously, 6-
endo cyclization is more facile than 5-exo cyclization, presumably because the more stable 
cationic intermediate is expected to form on the (3-carbon of the alkynone system. 
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SCHEME 4. Proposed Mechanism 
o 0 
Me Me 
O 0 
MeCI CI" 
V V 
Conclusions 
In summary, we have developed a simple, highly efficient approach to various 
functionalized 3-iodochromones via ICl-induced cyclization. These reactions are run under 
mild conditions, tolerate various functional groups, and generally provide the chromone 
products in good to excellent yields. A successful multi-gram scale synthesis of an 
iodochromone without the use of column chromatography is demonstrated. Iodocyclization 
of readily available alkynones, followed by various palladium-catalyzed transformations, 
affords a rapid increase in molecular complexity and provides a powerful tool for the 
preparation of a wide range of functionally-substituted chromones, furans, and polycyclic 
aromatic compounds. Thiochromenones and quinolinones can also be readily prepared by 
similar ICl-induced cyclizations. 
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Experimental Section 
General 
The !H and 13C NMR spectra were recorded at 300 MHz or 400 MHz and 75 MHz or 
100 MHz, respectively. Thin layer chromatography was performed using commercially 
prepared 60-mesh silica gel plates, and visualization was effected with short wavelength UV 
light (254 nm). High resolution mass spectra were recorded on a double focusing magnetic 
sector mass spectrometer using EI at 70 eV. All melting points are uncorrected. All reagents 
were used as obtained commercially. The palladium salts were donated by Johnson Matthey 
Inc. and Kawaken Fine Chemicals Co., Ltd. The arylboronic acids were donated by Frontier 
Scientific Co., Ltd. 
General procedure for the preparation of ynones 
Method A (Sonogashira route): To a flask were added sequentially Cul (0.02 mmol), 
PdCli(PPh3)2 (0.04 mmol), terminal acetylene (2.6 mmol), the benzoyl chloride (2 mmol) 
and triethylamine (20 mL). The resulting mixture was flushed with N2 and allowed to stir 
at room temperature or at 50 °C overnight. Water (15 mL) was added, and the aqueous 
layer was extracted with ethyl ether 3 times (25 mL each time). The organic layers were 
combined, dried and concentrated under reduced pressure. The residue was then purified 
by column chromatography on silica gel to afford the desired alkynone. 
O O 
R—==—H 
AnMp Sonogashira 
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O o 
XMe 
1. R 
2. Mn02 
Li 
R 
M e t h o d  B  (ioxidation route): The benzaldehyde (2.0 mmol) was placed in a flask and 
dissolved in 15 mL of dry, oxygen-free THF. The flask was flushed with and cooled 
to -78 °C. The lithium acetylide (2.2 mmol in 20 mL of THF solution) was then added 
dropwise. The resulting mixture was stirred at -78 °C for 30 min and allowed to 
gradually warm to room temperature. The reaction mixture was quenched by satd aq 
NH4CI (20 mL) and extracted with ethyl ether 3 times (25 mL each time). The organic 
layers were combined, dried and concentrated under reduced pressure. The residue was 
purified by column chromatography on silica gel to afford the desired secondary alcohol. 
The alcohol was then dissolved in CHCI3 (25 mL) and activated MnO% (6 mmol) was 
added to the solution. The suspension was refluxed for 2 h, the solution was cooled and 
filtered through a pad of celite, and the filtrate was concentrated to afford the desired 
alkynone. 
General procedure for the synthesis of 3-iodochromones and heteroatom analogues 
X = O, S, NMe 
The alkynone (0.25 mmol) and ICI (0.375 mmol) are each dissolved in 1.5 mL of dry 
CH2CI2 in separate vials and cooled to -78 °C. The ICI solution is added dropwise to the 
(Table 1) 
O O 
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alkynone solution over approximately 1 min and the reaction is stirred at the indicated 
temperature for the indicated time. To the reaction mixture is then added 2 mL of satd aq 
NaaSiOs solution and then 20 mL of satd NaCl solution. The resulting mixture was extracted 
three times with ethyl ether (30 mL each time). The combined organic layers were dried 
over anhydrous MgSCX and the solvent was evaporated under reduced pressure. The residue 
provided the 'H NMR pure (>95% purity) product in most cases, but sometimes the product 
was isolated by chromatography on a silica gel column. 
Preparation of iodochromone 2 on a multi-gram scale without the use of column 
chromatography 
2-Methoxybenzaldehyde (2.72 g, 20 mmol) was added to a 500 mL round bottom flask 
and dissolved in 250 mL of dry, oxygen-free THF. The flask was flushed with N2 and 
allowed to cool to -78 °C. Lithium phenylacetylide (20 mL of a 1.0 M solution in THF) was 
then added dropwise under N%. The resulting mixture was stirred at -78 °C for 30 min and 
allowed to gradually warm to room temperature. The reaction mixture was quenched by satd 
aq NH4CI (200 mL) and extracted with ethyl ether 3 times (100 mL each time). The organic 
layers were combined, dried and concentrated under reduced pressure. The residue was then 
dissolved in CHCI3 (250 mL) and activated MnO] (3.6 g, 40 mmol) was added. The 
suspension was refluxed for 2 h, the solution was cooled and filtered through a pad of celite, 
O O O 
98% overall yield 
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and the filtrate was concentrated to afford the desired alkynone 1. The alkynone 1 was then 
dissolved in 50 mL of dry CH2CI2 and cooled to -78 °C. ICI (4.06 g, 25 mmol) was dissolved 
in 200 mL of dry CH2C12 and cooled to -78 °C. The ICI solution was slowly added to the 
alkyne dropwise over a period of 15 min. The reaction was then allowed to slowly warm up 
to room temperature. To the reaction mixture was added 50 mL of satd aq NazSiO; solution 
and then 100 mL of satd aq NaCl solution. The resulting mixture was extracted 3 times with 
ethyl ether (100 mL each time). The combined organic layers were dried over anhydrous 
MgS04 and the solvent was evaporated under reduced pressure. The residue (6.8 g, 98% 
yield) proved to be chromone 2 (>95% purity by 'H and 13C NMR analysis). 
Characterization data: 
l-(2-Methoxyphenyl)-3-phenylpropynone (1). *H NMR (300 MHz, CDCI3) 8 3.92 (s, 
3H), 6.96-7.02 (m, 2H), 7.30-7.62 (m, 6H), 8.04-8.08 (m, 1H); °C NMR (75 MHz, CDC13) 
8 56.15, 89.47, 91.88, 112.48, 120.55, 120.87, 128.85, 130.73, 132.80, 133.17, 135.33, 
160.06,176.92. 
3-Iodo-2-phenylchromone (2).32 White solid: mp 127-130 °C (lit.32 mp 128 °C); !H 
NMR (400 MHz, CDC13) 5 7.42-7.56 (m, 5H), 7.69-7.79 (m, 3H), 8.26-8.29 (m, 1H); 13C 
NMR (100 MHz, CDCI3) 8 88.62, 115.56, 117.88, 120.19, 126.09, 126.95, 128.54, 129.68, 
131.29, 134.45, 135.29, 156.08, 174.73; IR (CDC13, cm'1) 3009, 1636; MS (EI) m/z (rel 
intensity) 348 (M+, 48), 221 (12), 135 (100); HRMS (EI) calcd for C15H9IO2 347.9647, 
found: 347.9651. 
l-(2-Methoxyphenyl)-3-(4-methylphenyl)propynone (3). Light yellow solid, obtained 
in a 78 % yield by Method A using o-anisoyl chloride and 4-ethynyltoluene: 'H NMR (400 
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MHz, CDCI3) 8 2.29 (s, 3H), 3.87 (s, 3H), 6.92-6.98 (m, 2H), 7.09-7.12 (m, 2H), 7.43-7.46 
(m, 3H), 8.00, 8.04 (m, 1H); 13C NMR (100 MHz, CDC13) 8 21.94, 56.10, 89.41, 92.49, 
112.47, 117.67, 120.51, 126.92, 129.69, 132.67, 133.20, 135.27, 141.43, 159.96, 176.87. 
3-Iodo-2-(4-methylphenyl)chromone (4). Light yellow solid: mp 126-130 °C; *H 
NMR (30 0  M H z ,  C D C 1 3 )  8  2 . 4 4  ( s ,  3 H ) ,  7 . 3 0 - 7 . 4 7  ( m ,  4 H ) ,  7 . 6 5 - 7 . 7 0  ( m ,  3 H ) ,  8 . 2 4  ( d ,  J  =  
8.1 Hz, 1H); 13C NMR (75 MHz, CDC13) 8 21.90, 88.29, 117.88, 120.16, 126.00, 126.88, 
129.19, 129.69, 132.38, 134.38, 141.80, 156.05, 164.88, 174.73; IR (CDCI3, cm"') 3008, 
2955, 1638; MS (EI) m/z (rel intensity) 362 (M+, 100), 235 (21); HRMS (EL) calcd for 
CI6HHI02 361.9804, found: 361.9809. 
l-(2-Methoxyphenyl)-3-(4-methoxyphenyl)propynone (5). Light yellow solid, 
obtained in an 86 % yield by Method A using o-anisoyl chloride and 4-ethynylanisole: 'H 
NMR (400 MHz, CDC13) 8 3.74 (s, 3H), 3.88 (s, 3H), 6.81-6.84 (m, 2H), 6.92-6.99 (m, 2H), 
7.43-7.52 (m, 3H), 8.01(dd, J= 7.6, 2.0 Hz, 1H); 13C NMR (100 MHz, CDC13) 8 55.62, 
56.11, 89.45, 93.06, 112.43, 112.51, 114.58, 120.49, 127.01, 132.61, 135.12, 135.21, 159.87, 
161.72,176.92. 
3-Iodo-2-(4-methoxyphenyl)chromone (6). Light yellow solid: mp 149-151 °C; *H 
NMR (400 MHz, CDC13) 8 3.89 (s, 3H), 7.00-7.03 (m, 2H), 7.42-7.48 (m, 2H), 7.68-7.81 (m, 
3H), 8.25 (dd, J = 8.0, 2.0 Hz, 1H); 13C NMR (75 MHz, CDC13) 8 55.75, 87.86, 113.79, 
117.78, 120.13, 125.93, 126.91, 127.33, 131.61, 134.30, 155.99, 161.86, 164.49, 174.81; IR 
(CDCI3, cm"1) 3008, 2939, 1643, 1614; MS (EI) m/z (rel intensity) 378 (M+, 100), 251 (16); 
HRMS (EI) calcd for Ci6HnI03 377.9753, found: 377.9758. 
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l-(2-Methoxyphenyl)-3-(2-methylphenyl)propynone (7). White solid, obtained in a 
72% yield by Method A using o-anisoyl chloride and 2-ethynyltoluene : 1 il NMR (400 MHz, 
CDCI3) 8 2.40 (s, 3H), 3.79 (s, 3H), 6.86-6.92 (m, 2H), 7.06-7.20 (m, 3H), 7.47 (m, 2H), 7.98 
(dd, J =  8.0, 2.0 Hz, 1H); 13C NMR (100 MHz, CDC13) 8 20.80, 55.95, 90.80, 93.35, 112.35, 
120.46, 120.53, 126.06, 129.98, 130.74, 132.50, 133.65, 135.20, 142.10, 159.82, 177.64. 
3-Iodo-2-(2-methylphenyl)chromone (8). Light yellow solid: mp 118-121 °C; *H NMR 
(400 MHz, CDCI3) 8 2.30 (s, 3H), 7.34-7.49 (m, 6H), 7.69-7.72 (m, 1H), 8.29 (dd, J =  8.0, 
2.0 Hz, 1H); 13C NMR (100 MHz, CDCI3) 8 19.59, 90.48, 117.99, 120.44, 126.15, 126.21, 
126.89, 129.22, 130.79, 130.91, 134.50, 135.64, 136.23, 156.28, 166.42, 174.49; IR (CDC13, 
cm"1) 3008, 2966, 1638; MS (EI) m/z (rel intensity) 362 (M+, 100), 235 (25); HRMS (EI) 
calcd for Ci6HnI02 361.9804, found: 361.9809. 
.l,3-Di-(2-methoxyphenyl)propynone (9). White solid, obtained in a 75% yield by 
Method A using o-anisoyl chloride and 2-ethynylanisole: 'H NMR (400 MHz, CDCI3) 8 3.82 
(s, 3H), 3.87 (s, 3H), 6.82-7.00 (m, 4H), 7.30-7.50 (m, 3H), 8.16 (dd, J= 8.0, 2.0 Hz, 1H); 
13C NMR (100 MHz, CDC13) 8 56.05, 56.09, 89.03, 93.51, 109.88, 111.09, 112.42,120.42, 
120.82, 126.88, 132.59, 133.39,135.12, 135.21, 160.05, 161.75, 176.96. 
3-Iodo-2-(2-methoxyphenyl)chromone (10). Light yellow solid: mp 133-135 °C; "H 
NMR (4 0 0  M H z ,  C D C 1 3 )  8  3 . 8 5  ( s ,  3 H ) ,  7 . 0 2 - 7 . 1 0  ( m ,  2 H ) ,  7 . 3 7 - 7 . 6 9  ( m ,  5 H ) ,  8 . 2 8  ( d d ,  J  =  
8.0, 2.0 Hz, 1H); 13C NMR (100 MHz, CDC13) 8 55.96, 82.29, 91.40, 111.80, 118.05, 120.49, 
120.71, 125.88, 126.84, 130.38, 132.56, 134.22, 156.50, 156.79, 164.45, 174.64; IR (CDC13, 
cm"1) 3007, 2939, 2839, 1643; MS (EI) m/z (rel intensity) 378 (M+, 100), 251 (12); HRMS 
(EI) calcd for Ci6HnI03 377.9753, found: 377.9758. 
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3-(2-Acetoxyphenyl)-l-(2-methoxyphenyl)propynone (11). White solid, obtained in an 
81% yield by Method A using o-anisoyl chloride and 2-ethynylphenyl acetate: 'H NMR (300 
M H z ,  C D C 1 3 )  Ô  2 . 2 8  ( s ,  3 H ) ,  3 . 8 7  ( s ,  3 H ) ,  6 . 9 4 - 7 . 2 5  ( m ,  4 H ) ,  7 . 4 1 - 7 . 6 1  ( m ,  3 H ) ,  8 . 0 5  ( d d ,  J  
= 8.0, 2.0 Hz, 1H); 13C NMR (75 MHz, CDC13) S 20.97, 56.12, 86.38, 93.47, 112.51, 115.23, 
120.46, 122.94, 126.35, 126.62, 132.04, 133.04, 134.33, 135.48, 153.14, 160.09, 169.11, 
176.49. 
2-(2-Acetoxyphenyl)-3-iodochromone (12). Light yellow oil: 'H NMR (400 MHz, 
CDCI3) 8 2.08 (s, 3H), 7.22-7.45 (m, 4H), 7.51-7.68 (m, 3H), 8.22 (d, J= 8.0 Hz, 1H); 13C 
NMR (100 MHz, CDCI3) 8 21.25, 90.71, 117.84, 120.16, 123.54, 126.17, 126.26, 126.85, 
128.56, 130.99, 132.33, 134.73, 147.98, 156.18, 162.70, 168.79, 174.33; IR (CDC13, cm ') 
3008, 2955, 2850, 1730, 1645; MS (EI) m/z (rel intensity) 406 (M+, 100), 279 (8); HRMS 
(EI) calcd for Ci7HuI04 405.9702, found: 405.9708. 
l-(2-Methoxyphenyl)-3-(3-thiophenyl)propynone (13). White solid, obtained in an 
80% yield by Method A using o-anisoyl chloride and 3-ethynylthiophene: *H NMR (400 
MHz, CDCI3) 6 3.90 (s, 3H), 6.95-7.02 (m, 2H), 7.20-7.30 (m, 2H), 7.45-7.51 (m, 1H), 7.71-
7.73 (m, 1H), 8.02 (dd, J= 8.0, 2.0 Hz, 1H); 13C NMR (100 MHz, CDC13) ô 56.14, 87.29, 
89.65, 112.47, 120.10, 120.54, 126.41, 126.81, 130.46, 132.74, 133.72, 135.30, 159.98, 
176.85. 
3-Iodo-2-(3-thiophenyl)chromone (14). Brown solid (m.p. 103-106 °C): ^H NMR (400 
MHz, CDCI3) ô 7.39-7.49 (m, 3H), 7.66-7.77 (m, 2H), 8.22 (dd, J - 8.0, 1.6 Hz, 1H), 8.30-
8.32 (m, 1H); 13C NMR (100 MHz, CDC13) 8 87.63, 117.71, 120.01, 125.88, 125.99, 126.92, 
128.48, 131.30, 134.41, 135.29, 155.72, 159.65, 174.70; IR (CDC13, cm4) 3008, 1638; MS 
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(EI) m/z (rel intensity) 354 (M+, 75), 353 (100), 135(40); HRMS (EI) calcd for C13H7I02S 
353.9211, found: 353.9217. 
l-(2-Methoxypheiiyl)-3-(3-pyridyl)propynone (15). White solid, obtained in an 86% 
yield by Method A using o-anisoyl chloride and 3 -ethynylpyridine : 'H NMR (400 MHz, 
CDC13) 8 3.78 (s, 3H), 6.84-6.90 (m, 2H), 7.16-7.20 (m, 1H), 7.35-7.38 (m, 1H), 7.71-7.74 
(m, 1H), 7.88 (dd, J= 7.6, 1.6 Hz, 1H), 8.48 (dd, J= 8.8, 1.6 Hz, 1H), 8.66 (d,J= 1.2 Hz, 
1H); 13C NMR (100 MHz, CDC13) 8 56.02, 87.64, 91.90, 112.42, 118.08, 120.54, 123.48, 
126.24, 132.52, 135.66,139.88, 150.60, 153.24, 160.03, 176.06. 
l-(2-Methoxyphenyl)-3-[3,5-bis(trifluoromethyl)phenyl]propynone (17). Yellow solid, 
obtained in an 85% yield by Method A using o-anisoyl chloride and 1-ethyny 1-3,5-
bis(trifluoromethyl)benzene: *H NMR (400 MHz, CDCI3) 8 3.96 (s, 3H), 7.02-7.06 (m, 2H), 
7.56-7.57 (m, 1H), 7.91 (s, 1H), 8.02-8.06 (m, 3H); 13C NMR (100 MHz, CDC13) 8 56.07, 
86.75,91.15, 112.46, 115.57, 118.83, 120.69, 121.54, 123.55, 123.68, 123.71, 123.75, 123.78, 
124.26, 126.15, 126.97, 132.02, 132.36, 132.66, 132.70, 132.73, 133.04, 135.93, 160.28, 
175.80. 
3-Iodo-2-[3,5-bis(trifluoromethyl)phenyl]chromone (18). Yellow solid: *H NMR (400 
MHz, CDCI3) 5 7.51-7.55 (m, 2H), 7.75-7.78 (m, 1 H), 8.06 (s, 1H), 8.28-8.31 (m, 3H); 13C 
NMR (100 MHz, CDCI3) 8 90.04, 117.88, 120.08, 121.69, 124.78, 124.82, 124.86, 126.67, 
127.14, 130.22, 132.07, 132.40, 134.98, 137.03, 155.99, 161.05, 174.14; IR (CDCI3, cm"1) 
3008, 1638; MS (EI) m/z (rel intensity) 484 (M+, 100), 357 (22); HRMS (EI) calcd for 
C17H7F6IO2 483.9395, found: 483.9400. 
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3-(l-Cyclohexenyl)-l-(2-methoxyphenyl)propynone (19). Yellow solid, obtained in an 
88% yield by Method A using o-anisoyl chloride and 1 -ethynylcyclohexene: *H NMR (400 
MHz, CDC13) 8 1.52-1.62 (m, 4H), 2.07-2.17 (m, 4H), 3.84 (s, 3H), 6.42 (d,J= 1.6 Hz, 1H), 
6.89-6.96 (m, 2H), 7.41-7.43 (m, 1H), 7.92 (dd, J= 8.0, 1.6 Hz, 1H); 13C NMR (100 MHz, 
CDCI3) 8 21.36, 22.20, 26.36, 28.64, 56.02, 87.80, 94.34, 112.37, 119.63, 120.37, 127.08, 
132.61, 134.93, 142.17,159.79, 177.06. 
2-(l-Cyclohexenyl)-3-iodochromone (20). Light yellow oil: !H NMR (400 MHz, CDC13) 
5 1.68-1.82 (m, 4H), 2.15-2.39 (m, 4H), 6.29-6.32 (m, 1H), 7.36-7.44 (m, 2H), 7.63-7.68 (m, 
1H), 8.18-8.21 (m, 1H); 13C NMR (100 MHz, CDC13) 6 21.64, 22.39, 25.28, 26.34, 87.02, 
117.72, 120.35, 125.73, 126.78, 134.15, 134.20, 136.05, 155.81, 167.29, 174.93; IR (CDC13, 
cm'1) 3050, 3009, 1643, 1614; MS (EI) m/z (rel intensity) 352 (M+, 100), 225 (11); HRMS 
(EI) calcd for CI5HI3I02 351.9960, found: 351.9966. 
l-(2-Methoxyphenyl)-2-octyn-l-one (21). Colorless oil, obtained in an 82% yield by 
M e t h o d  A  u s i n g  o - a n i s o y l  c h l o r i d e  a n d  1 - h e p t y n e :  ! H  N M R  ( 3 0 0  M H z ,  C D C I 3 )  S  0 . 8 4  ( t ,  J  =  
7.2 Hz, 3H), 1.25-1.58 (m, 6H), 2.35 (t, J= 7.2 Hz, 2H), 3.81 (s, 3H), 6.88-6.96 (m, 2H), 
7.38-7.42 (m, 1H), 7.92 (dd, J = 7.8, 1.8 Hz, 1H); 13C NMR (75 MHz, CDC13) 8 14.09, 
19.37, 22.31, 27.72, 31.22, 55.98, 82.00, 95.46, 112.32, 120.30, 126.97, 132.98, 134.91, 
159.80,177.23. 
3-Iodo-2-(n-pentyl)chromone (22). Light yellow oil: *H NMR (400 MHz, CDCI3) 8 
0.93 (t,J= 6.8 Hz, 3H), 1.40-1.81 (m, 6H), 3.03 (dt, J= 7.6, 0.8 Hz, 2H), 7.26-7.46 (m, 2H), 
7.67-7.69 (m, 1H), 8.22 (d,J= 8.0 Hz, 1H); 13C NMR (100 MHz, CDC13) 8 14.20, 22.60, 
26.90, 31.50, 38.90, 88.57, 117.62, 120.26, 125.77, 126.75, 134.08, 155.77, 169.52, 174.17; 
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IR (CDCI3, cm'1) 3007, 2939, 1639; MS (EI) m/z (rel intensity) 342 (M+, 100), 293 (12); 
HRMS (EI) calcd for C14Hi5I02 342.0117, found: 342.0122. 
6-Chloro-l-(2-methoxyphenyl)-2-hexyn-l-one (23). Colorless oil, obtained in an 80% 
yield by Method A using o-anisoyl chloride and 5 -chloro-1 -penty ne : 'H NMR (300 MHz, 
CDCI3) 5 1.96-2.03 (m, 2H), 2.59 (t,J = 6.9 Hz, 2H), 3.63 (t, J= 6.3 Hz, 2H), 3.84 (s, 3H), 
6.90-6.97 (m, 2H), 7.41-7.45 (m, 1H), 7.90 (dd, J = 7.8, 1.8 Hz, 1H); 13C NMR (75 MHz, 
CDCI3) 8 16.85, 30.72, 43.64, 56.06, 82.62, 92.93, 112.38, 120.43, 126.75, 132.82, 135.18, 
159.86, 176.95. 
2-(3-ChIoropropyl)-3-iodochromone (24). Light yellow solid: mp 75-78 °C; !H NMR 
(400 MHz, CDCI3) 8 2.24-2.32 (m, 2H), 3.22 (t, J =  7.2 Hz, 2H), 3.67 (t, J  =  6.4 Hz, 2H) 
7.39-7.46 (m, 2H), 7.67-7.71 (m, 1H), 8.21 (dd, J= 8.0, 1.0 Hz, 1H); 13C NMR (100 MHz, 
CDCI3) 8 29.95, 36.52,44.04, 89.22,117.61,120.26,126.00,126.84, 134.26,155.73,167.62, 
173.97; IR (CDC13, cm'1) 3007, 2839, 1645; MS (EI) m/z (rel intensity) 348 (M+, 100), 185 
(11); HRMS (EI) calcd for C12H,oClI02 347.9414, found: 347.9419. 
l-(2-Methoxyphenyl)-3-(trimethylsilyl)propynone (27). Colorless oil, obtained in a 
95% yield by the modified Sonogashira method33 using o-anisoyl chloride and 
trimethylsilylacetylene: !H NMR (300 MHz, CDCI3) ô 0.12 (s, 9H), 3.72 (s, 3H), 6.80-6.87 
(m, 2H), 7.32-7.36 (m, 1H), 7.82 (dd, J= 7.8, 1.8 Hz, 1H); 13C NMR (75 MHz, CDC13) ô 
0.01, 56.30, 98.80, 103.80, 112.96, 120.92,126.87, 133.17, 135.90, 160.52, 176.55. 
l-(5-Bromo-2-methoxyphenyl)-3-phenylpropynone (29). White solid, obtained in an 
86% overall yield by Method B using 5-bromo-2-methoxybenzaldehyde and lithium 
phenylacetylide: lH NMR (300 MHz, CDC13) ô 3.82 (s, 3H), 6.80 (d, J= 9.0 Hz, 1H) 7.28-
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7.52 (m, 6H), 7.97-7.99 (m, 1H); 13C NMR (75 MHz, CDC13) 5 56.36, 89.18,92.79,112.71, 
114.52, 120.45, 128.17,128.88, 130.97, 133.21, 134.53, 137.65, 158.97, 175.12. 
6-Bromo-3-iodo-2-phenyIchromone (30). Light yellow solid: mp 143-146 °C; *H NMR 
(400 MHz, CDC13) ô 7.37-7.40 (m, 1H), 7.52-7.55 (m, 3H), 7.75-7.79 (m, 3H), 8.36 (d, J = 
2.4 Hz, 1H); 13C NMR (100 MHz, CDC13) ô 88.33, 119.30, 119.91, 121.32, 128.59, 129.36, 
129.68, 131.50, 134.90, 137.44, 154.84, 164.95, 173.54; IR (CDC13, cm'1) 3007, 1638; MS 
(EI) m/z (rel intensity) 427 (42), 425 (M+, 63), 348 (100); HRMS (El) calcd for Ci5H8BrI02 
425.0752, found: 425.0760. 
l-(5-FIuoro-2-methoxyphenyl)-3-phenylpropynone (31). White solid, obtained in an 
88% overall yield by Method B using 5-fluoro-2-methoxybenzaldehyde and lithium 
phenylacetylide: ^H NMR (400 MHz, CDC13) ô 3.87 (s, 3H), 6.90-7.66 (m, 8H); 13C NMR 
(100 MHz, CDCI3) ô 56.71, 89.20, 92.63, 114.01, 114.08, 118.07, 118.31, 120.56, 121.66, 
121.89,127.48,128.88,130.95,133.24, 133.52,155.22,156.30,157.63, 175.45. 
6-Fluoro-3-iodo-2-phenylchromone (32). Light yellow solid: mp 131-133 °C; !H NMR 
(400 MHz, CDCI3) 8 7.41-7.54 (m, 5H), 7.75-7.78 (m, 2H), 7.87 (dd ,  J  =  8.0, 2.4 Hz, 1H); 
13C NMR (100 MHz, CDC13) 5 87.72, 111.54, 111.78, 120.12, 120.20, 121.15, 121.23, 
122.67, 122.92, 128.57, 129.66, 131.44, 135.00, 152.35, 152.37, 158.76, 161.22, 165.01, 
174.12; IR (CDCI3, cm'1) 3007, 1639; MS (EI) m/z (rel intensity) 366 (M+, 100), 348 (10), 
221 (34); HRMS (EI) calcd for C15H8FI02 365.9553, found: 365.9558. 
l-(2,3-Dimethoxyphenyl)-3-(4-methylphenyl)propynone (33). White solid, obtained in 
a 95% overall yield by Method B using 2,3 -dimethoxybenzaldehyde and lithium 4-
methylphenylacetylide: !H NMR (400 MHz, CDC13) 8 2.34 (s, 3H), 3.86 (s, 3H), 3.97 (s, 3H), 
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7.08-7.17 (m, 4H), 7.49-7.52 (m, 3H); 13C NMR (100 MHz, CDC13) ô 21.97, 56.35, 61.89, 
89.69, 92.57,117.24, 117.60, 122.46, 124.06, 129.67, 132.40, 133.26, 141.55, 149.93, 153.66, 
177.16. 
3-Iodo-2-(4-methylphenyl)-8-methoxychromone (34). Light yellow solid: mp 166-168 
°C; 'H NMR (400 MHz, CDC13) ô 2.42 (s, 3H), 3.90 (s, 3H), 7.12-7.14 (m, 1H), 7.27-7.31 
(m, 3H), 7.70-7.75 (m, 3H); 13C NMR (100 MHz, CDC13) ô 21.92, 56.64, 88.41, 114.76, 
117.36, 121.11, 125.70, 129.16, 129.89, 132.24, 141.73, 146.45, 148.71, 164.51, 174.66; IR 
(CDCI3, cm4) 3007, 2939, 2839, 1642; MS (EI) m/z (rel intensity) 392 (M\ 100), 265 (22); 
HRMS (EL) calcd for C17Hi3I03 391.9909, found: 391.9915. 
l-(2,4-Dimethoxyphenyl)-3-phenylpropynone (35). White solid, obtained in a 96% 
overall yield by Method B using 2,4-dimethoxybenzaldehyde and lithium phenylacetylide; 
'H NMR (300 MHz, CDC13) Ô 3.56 (s, 3H), 3.63 (s, 3H), 6.19-6.29 (m, 2H), 7.09-7.12 (m, 
3H), 7.31-7.35 (m, 2H), 7.83 (d,J= 8.7 Hz, 1H); 13C NMR (75 MHz, CDC13) 5 55.60, 55.76, 
89.38, 90.61, 98.46, 105.58,119.87, 120.82,128.70, 130.38,132.80, 135.03, 162.12,165.75, 
174.64. 
3-Iodo-7-methoxy-2-phenylchromone (36). Light yellow solid: mp 173-175 °C; *H 
NMR (400 MHz, CDC13) Ô 3.86 (s, 3H), 6.82 (s, 1H), 6.94-6.97 (m, 1H), 7.50-7.74 (m, 5H), 
8.11 (d,/= 8.8 Hz, 1H); 13C NMR (100 MHz, CDC13) ô 56.22, 88.87, 99.86, 114.04, 115.58, 
128.27, 128.78, 129.66, 131.17, 135.27, 157.81, 164.21, 164.63, 173.89; IR (CDCI3, cm ') 
3007, 1623; MS (EI) m/z (rel intensity) 378 (M+, 100), 251 (22); HRMS (EL) calcd for 
. C16HUI03 377.9753, found: 377.9760. 
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l-(2,4,5-Trimethoxyphenyl)-3-phenylpropynone (37). White solid, obtained in an 88% 
overall yield by Method B using 2,4,5-trimethoxybenzaldehyde and lithium phenylacetylide: 
lU NMR (300 MHz, CDC13) ô 3.73 (s, 3H), 3.82 (s, 3H), 3.83 (s, 3H), 6.39 (s, 1H), 7.23-7.48 
(m, 6H); 13C NMR (100 MHz, CDC13) ô 56.34, 56.37, 56.78, 90.02, 91.15, 97.04, 113.38, 
118.50, 121.10, 128.77,130.44,132.97, 143.01, 155.46, 157.01, 174.28. 
3-Iodo-6,7-dimethoxy-2-phenylchromone (38). Light yellow solid: mp 253-255 °C; !H 
NMR (400 MHz, CDCI3) 8 3.96 (s, 3H), 3.99 (s, 3H), 6.89 (s, 1H), 7.52-7.77 (m, 6H); 13C 
NMR (100 MHz, CDC13) 5 56.69, 56.77, 99.39, 105.40, 128.48, 129.64, 131.06, 135.43, 
148.33, 152.28, 155.06, 164.01, 174.39; IR (CDC13, cm'1) 3007, 2939, 2839, 1619; MS (EL) 
m/z (rel intensity) 408 (M+, 100), 281 (25); HRMS (EL) calcd for CI7HI3I04 407.9859, 
found: 407.9866. 
3-Iodo-7-nitro-2-phenylchromone (42). Yellow solid: mp 163-165 °C; *H NMR (400 
MHz, CDCI3) ô 7.57-7.82 (m, 6H), 8.53-8.55 (m, 1H), 9.09-9.12 (m, 1H); 13C NMR (100 
MHz, CDCI3) 8 88.77, 119.80, 120.05, 123.69, 128.72, 129.05, 129.71, 131.89, 134.28, 
145.37, 158.80, 165.19, 173.53; IR (CDC13, cm"1) 3007, 1657, 1625; MS (El) m/z (rel 
intensity) 393 (M+, 100), 364 (18); HRMS (El) calcd for Ci5H8IN04 392.9498, found: 
392.9504. 
l-(2-Methoxy-l-naphthyl)-3-phenylpropynone (43). White solid, obtained in an 85% 
overall yield by Method B using 2-methoxy-1 -naphthaldehyde and lithium phenylacetylide: 
!H NMR (400 MHz, CDC13) 6 3.99 (s, 3H), 7.26-7.58 (m, 8H), 7.78 (d,J= 8.0 Hz, 1H), 7.91 
(d, J - 9.2 Hz, 1H), 8.16 (d,J= 8.8 Hz, 1H); 13C NMR (100 MHz, CDCI3) 8 57.09, 90.90, 
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91.52, 113.70, 120.69, 123.41, 124.00, 124.64, 128.43, 128.62, 128.88, 129.04, 130.89, 
131.17, 133.30, 133.56, 156.77, 180.62. 
3-Iodo-2-phenylnaphtho[2,1-6]pyran-1 -one (44). Yellow solid: mp 182-185 °C; !H 
NMR (300 MHz, CDC13) ô 7.44-7.88 (m, 9H), 8.05 (d, J= 9.0 Hz, 1H), 10.03 (d, J= 9.0 Hz, 
1H); I3C NMR (75 MHz, CDC13) 8 93.15, 113.51, 117.15, 127.19, 127.48, 128.56, 129.76, 
129.81, 130.21, 130.98, 131.24, 134.90, 136.30, 157.28, 162.64, 175.70; IR (CDC13, cm"1) 
3010, 1630; MS (EI) m/z (rel intensity) 398 (M+, 100), 271 (32); HRMS (EI) calcd for 
C19H11IO2 397.9804, found: 397.9810. 
l-(2-Methoxy-3-pyridyl)-3-phenylpropynone (45). White solid, obtained in an 80% 
overall yield by Method B using 2-methoxy-3-pyridinecarboxaldehyde and lithium 
phenylacetylide: *H NMR (400 MHz, CDC13) 8 3.99 (s, 3H), 6.90-6.92 (m, 1H) 7.26-7.52 (m, 
5H), 8.23-8.27 (m, 2H); 13C NMR (100 MHz, CDC13) 8 54.25, 88.76, 92.91, 116.90, 120.39, 
120.70, 128.86, 130.98,133.23, 141.78, 152.10, 162.52, 175.48. 
3-Iodo-2-phenyl-4/7-pyrano[2,3-6]pyridin-4-one (46). Light yellow solid: mp 131-133 
°C; !H NMR (400 MHz, CDCI3) 8 7.48-7.54 (m, 4H), 7.82-7.85 (m, 2H), 8.63-8.73 (m, 2H); 
13C NMR (100 MHz, CDCI3) 8 88.41, 114.79, 123.04, 128.51, 129.90, 131.62, 134.52, 
137.64, 154.08, 160.53, 165.05, 175.43; IR (CDC13, cm"1) 3007, 1653; MS (EI) m/z (rel 
intensity) 349 (M+, 100), 222 (20); HRMS (EI) calcd for Ci4H8NI02 348.9600, found: 
348.9605. 
3-(l-Cyclohexenyl)-l-[2-(methylthio)phenyl]propynone (49). White solid, obtained in 
a 72% overall yield by Method B using 2-(methylthio)benzaldehyde and lithium 1-
cyclohexenylacetylide: *H NMR (300 MHz, CDC13) 8 1.50-1.78 (m, 4H), 2.05-2.25 (m, 4H), 
151 
2.40 (s, 3H), 6.40-6.45 (m, 1H), 7.12-7.23 (m, 2H), 7.39-7.46 (m, 1H), 8.23 (dd, J =  7.8, 1.5 
Hz, 1H); 13C NMR (100 MHz, CDC13) ô 15.68, 21.33, 22.17, 26.35, 28.57, 85.71, 95.40, 
119.31,123.37,124.34,133.32,136.66,142.33,144.58,178.02. 
2-(l-Cyclohexenyl)-3-iodothiochromenone (50). Light yellow oil: !H NMR (400 MHz, 
CDC13) ô 1.64-1.82 (m, 4H), 2.21-2.43 (m, 4H) , 5.88-5.89 (m, 1H), 7.51-7.61 (m, 3H), 8.54 
(d, J = 8.0 Hz, 1H); 13C NMR (100 MHz, CDC13) ô 21.61, 22.61, 25.44, 28.10, 101.18, 
123.36, 125.40, 127.65, 128.39, 130.10, 131.67, 131.85, 137.97, 139.64, 157.05, 176.96; IR 
(CDCI3, cm'1) 3025, 3007, 1617; MS (EI) m/z (rel intensity) 368 (M+, 100), 241 (25); 
HRMS (El) calcd for C15H13IOS 367.9732, found: 367.9736. 
3-(2-Methoxyphenyl)-l-[2-(methylthio)phenyl]propynone (51). White solid, obtained 
in an 88% overall yield by Method B using 2-(methylthio)benzaldehyde and lithium 2-
methoxyphenylacetylide: XH NMR (300 MHz, CDC13) ô 2.39 (s, 3H), 3.87 (s, 3H), 6.85-6.93 
(m, 2H), 7.17-7.54 (m, 5H), 8.57 (dd, J= 8.0, 1.5 Hz, 1 H); 13C NMR (100 MHz, CDC13) ô 
15.66, 56.14, 90.30, 91.75, 109.58, 111.10, 120.86, 123.48, 124.28, 132.78, 133.36, 133.46, 
134.92,135.38, 144.77,161.97, 177.99. 
3-Iodo-2-(2-methoxyphenyl)thiochromenone (52). Light yellow oil: 'H NMR (400 
MHz, CDCI3) ô 3.77 (s, 3H), 6.93-7.19 (m, 3H), 7.42-7.56 (m, 4H), 8.53 (d,J = 8.8 Hz, 1H); 
13C NMR (100 MHz, CDC13) ô 56.03, 105.38, 111.93, 120.97, 125.46, 127.67, 128.45, 
129.78, 130.22, 131.92, 131.96, 138.19, 152.30, 155.77, 176.44; IR (CDC13, cm"1) 3007, 
2945, 2839, 1618; MS (EI) m/z (rel intensity) 394 (M+, 100), 267 (18); HRMS (El) calcd 
for CI6HHI03 393.9796, found: 393.9800. 
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3-(3,5-Dimethoxyphenyl)-l-[2-(methylthio)phenyl]propynone (53). White solid, 
obtained in a 72% overall yield by Method B using 2-(methylthio)benzaldehyde and lithium 
3,5-dimethoxyphenylacetylide: *H NMR (300 MHz, CDCI3) ô 2.44 (s, 3H), 3.79 (s, 6H), 
6.54-6.56 (m, 1H), 6.78 (d, J= 2.4 Hz, 2H), 7.22-7.32 (m, 2H), 7.48-7.55 (m, 1H), 8.38 (dd, 
J =7.7, 1.2 Hz, 1H); 13C NMR (100 MHz, CDC13) ô 15.68, 55.78, 86.70, 92.88, 104.23, 
110.74, 121.66,123.49, 124.45,133.17, 133.59, 134.93, 145.01,160.87, 177.78. 
2-(3,5-Dimethoxyphenyl)-3-iodothiochromenone (54). Light yellow solid: mp 93-96 °C; 
lH N M R  ( 4 0 0  M H z ,  C D C 1 3 )  ô  3 . 8 1  ( s ,  6 H ) ,  6 . 5 5 - 6 . 5 9  ( m ,  3 H ) ,  7 . 5 8 - 7 . 6 6  ( m ,  3 H ) ,  8 . 6 0  ( d ,  J  
= 8.4 Hz, 1H); 13C NMR (100 MHz, CDCI3) ô 55.82, 102.18, 103.00, 106.95, 110.76, 
125.36, 127.59, 128.65, 130.28, 132.16, 137.55, 142.47, 154.27, 161.00, 176.50; IR (CDCI3, 
cm"1) 3009, 2961, 2938, 2839, 1617; MS (EI) m/z (rel intensity) 424 (M+, 100), 297 (22); 
HRMS (El) calcd for Ci7H13I03S 423.9630, found: 423.9630. 
3-Iodo-l,l-dimethyl-4-oxo-2-phenyl-l,4-dihydroquinolinium chloride (56). Light 
yellow solid: *H NMR (400 MHz, CDC13) 6 2.83 (s, 6H), 6.96-7.04 (m, 2H), 7.35-7.40 (m, 
4H), 7.52-7.59 (m, 2H), 7.69-7.74 (m, 1H); 13C NMR (100 MHz, CDC13) ô 39.48, 89.49, 
115.96, 123.20, 124.73, 128.11, 128.50, 129.48, 130.00, 132.88, 139.65, 141.00, 155.50, 
174.30; IR (CDC13, cm"1) 3007, 1630; MS (EI) m/z (rel intensity) 376 (M+, 1), 361 (100), 
234 (35); HRMS (EI) calcd for C17H15INO 376.0198, found: 376.0205. 
3-(l-Cyclohexenyl)-l-[2-(dimethylamino)phenyl]propynone (57). Colorless oil, 
obtained in a 66% overall yield by Method B using 2-(dimethylamino)benzaldehyde and 
lithium 1 -cyclohexenylacetylide: !H NMR (300 MHz, CDCI3) S 1.55-1.66 (m, 4H), 2.12-2.20 
( m ,  4 H ) ,  2 . 8 6  ( s ,  6 H ) ,  6 . 4 3 - 6 . 4 5  ( m ,  1 H ) ,  6 . 8 0 - 6 . 9 2  ( m ,  2 H ) ,  7 . 3 1 - 7 . 3 4  ( m ,  1 H ) ,  8 . 0 0  ( d d ,  J  =  
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8.0, 1.6 Hz, 1 H); 13C NMR (100 MHz, CDC13) ô 21.42, 22.26, 26.36, 28.72, 44.19, 87.19, 
93.28, 116.57, 117.97, 119.62, 133.69, 133.90, 141.70, 152.68, 178.20. 
2-(l-Cyclohexenyl)-3-iodo-Ar-methyl-4(lfl)-quinolinone (58). Light yellow oil: 1II 
NMR (400 MHz, CDC13) Ô 1.60-2.40 (m, 8H), 3.84 (s, 3H), 5.83 (s, 1H), 7.34-7.38 (m, 1H), 
7.47-7.50 (m, 1H), 7.62-7.67 (m, 1H), 8.45 (d,J= 7.2 Hz, 1H); 13C NMR (100 MHz, CDC13) 
8 21.60, 22.50, 25.25, 28.01, 38.04, 88.02, 115.77, 123.07, 124.41, 127.97, 132.23, 132.55, 
137.57, 140.72, 156.90, 174.45; IR (CDC13, cm-1) 3007, 2942, 1615; MS (EL) m/z (rel 
intensity) 365 (M+, 100), 238 (32); HRMS (EL) calcd for CI6H16INO 365.0277, found: 
365.0283. 
7-Methoxy-3-(4-methylphenyl)-2-phenylchromone (59). White solid: mp 163-166 °C; 
'H NMR (300 MHz, CDC13) ô 2.33 (s, 3H), 3.91 (s, 3H), 6.91-7.00 (m, 2H), 7.05-7.15 (m, 
4H), 7.21-7.42 (m, 5H), 8.18 (d, J- 8.7 Hz, 1H); 13C NMR (75 MHz, CDC13) ô 21.56, 56.07, 
82.29, 100.24, 114.73, 117.62, 128.01, 128.28, 129.24, 129.73, 130.03, 130.08, 131.28, 
133.73, 137.43, 158.00, 161.08, 164.34, 177.73; IR (CDC13, cm*1) 3007, 2941, 2839, 1639; 
MS (EI) m/z (rel intensity) 342 (M+, 100), 329 (25); HRMS (EL) calcd for C23H1803 
342.1256, found: 342.1262. 
Benzofuro[3,2-Z>][l]chromone (60).34 White solid: !H NMR (400 MHz, CDC13) ô 7.43-
7.79 (m, 6H), 7.98 (d, J= 8.0 Hz, 1 H), 8.48 (dd, J= 8.0, 1.2 Hz, 1H); 13C NMR (100 MHz, 
CDC13) Ô 113.69, 118.26, 120.80, 124.41, 125.11, 126.77, 128.67, 128.80, 130.73, 132.43, 
132.54, 133.66, 155.31, 156.05, 176.68; MS (EI) m/z (rel intensity) 236 (M+, 100), 208 (23); 
HRMS (EL) calcd for Ci5H803 236.0473, found: 236.0477. 
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GENERAL CONCLUSIONS 
In this dissertation, novel Pd-catalyzed approaches to tetrasubstituted olefins and aryl 
ketones or ketimines have been developed. The scope, limitations and applications of these 
reactions are presented in detail. 
Chapter 1 investigates the synthesis of tetrasubstituted olefins by the Pd-catalyzed three-
component reaction of aryl iodides, internal alkynes, and arylboronic acids. A wide variety 
of tetrasubstituted olefins, including tamoxifen and derivatives, have been synthesized by this 
highly efficient approach. 
Chapter 2 presents the synthesis of tetrasubstituted olefins by a novel Pd-catalyzed 
reaction of arylboronic acids and internal alkynes. A route to biaryls by the homocoupling of 
arylboronic acids under our unique, base-free O2/DMSO conditions has also been 
successfully developed. 
Chapter 3 reports the Pd-catalyzed reaction between arenes and nitriles to produce aryl 
ketones or ketimines. The scope and limitations of this process are examined in detail. A 
reaction between arylboronic acid and nitrile to produce aryl ketones or ketimines has also 
been developed. 
Chapter 4 describes a diversity-oriented-synthesis (DOS) of various iodochromones by 
iodocyclization. The scope of this methodology and the application of iodochromone 
products in various Pd-catalyzed reactions are examined in detail. 
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